The formation of transitional agpaitic rocks is not a well understood process as there are few studies of miaskitic to agpaitic transitions. The Mesoproterozoic Sushina Hill complex (India) provides a suitable site to investigate these 'transitions' as this complex hosts diverse miaskitic and agpaitic nepheline syenites, together with syenites containing exotic mineral assemblages. In this study, we have used mineralogical and geochemical data to describe the evolution of the transitional agpaitic rocks occurring at Sushina Hill. In common with other occurrences, high field strength elements (HFSE) in miaskitic nepheline syenites are mainly sequestered by primary zircon and magnetite. In contrast, the major HFSE carriers in agpaitic nepheline syenites (agpaitic unit-I) are latemagmatic eudialyte and rinkite-(Ce)-nacareniobsite-(Ce), formed at T between 825 -784 C and a SiO2 in the range of 0Á41-0Á44. With decreasing temperature ($575 C) and a SiO2 (0Á30), coupled with an increase in a H2O , this assemblage has undergone extensive subsolidus alteration leading to the decomposition of late-magmatic eudialyte to wö hlerite-marianoite, alkali-zirconosilicates (catapleiite/gaidonnyaite, hilairite) and pectolite-serandite. Decomposition of late-magmatic eudialyte resulted in a more alkaline fluid by increasing the a(Na þ )/a(Cl -) ratio, facilitating crystallization of hydrothermal eudialyte replacing late-magmatic eudialyte. Crystallization of hydrothermal eudialyte leads to evolving fluids which are less alkaline, resulting in the crystallization of a transitional agpaitic assemblage of pyrochlore þ zircon þ niobokupletskite þ wadeite in agpaitic unit-II in the temperature range 547 -455 C with a SiO2 in the range 0Á27-0Á25. Regional scale deformation contemporaneous with the subsolidus alteration stage leads to separation of the evolving fluid from the system, resulting in extensive albitization, with superposition of a new miaskitic-like assemblage in syenite I in the form of late-stage zircon-magnetite-xenotime-monazite-(Ce) upon the early assemblage of primary zircon and magnetite. During deformation, syenite unit-II composed of eudialyte-albite-aegirine was also formed and considered as a later stage pegmatitic offshoot of agpaitic unit I. The mineralogical changes are also complemented by variations in the bulk-rock composition in which the total REE, Nb, U and Th concentrations increase in order from: miaskitic unit ! agpaitic unit I ! syenite unit II, -I ! agpaitic unit II at constant Zr concentration. This suggests that the REE-Nb are mainly mobilized in agpaitic unit-II during the agpaitic to transitional agpaitic assemblage transformation in a relatively less alkaline environment.
INTRODUCTION
Peralkaline rocks are characterized by an alkalinity index [molar (NaþK)/Al] greater than 1 (Sørensen, 1992; Le Maitre, 2002) . The term 'agpaitic' (sensu stricto) was introduced by Ussing (1912) as a group name for unique variants of nepheline syenites (with alkalinity index >1Á2) found in the Ilímaussaq, Khibina and Lovozero complexes. Agpaitic rocks are characterized by elevated contents of the large ion lithophile elements Na, Ca, K, high field strength elements Ti, Zr, Nb, Ta, rare earth elements (REE), U and Th, together with volatiles such as Cl -and F - (Kogarko, 1990; Sørensen, 1992 Sørensen, , 1997 Marks et al., 2011; Marks & Markl, 2017) . These rocks contain complex Na-K-Ca-Fe bearing silicates enriched in Nb, Ti, Zr and REE [e.g. eudialyte; aenigmatite; astrophyllite; lå venite; mosandrite; rinkite-(Ce); nacareniobsite-(Ce)], which are considered as the typomorphic minerals of agpaitic systems. In contrast, nepheline syenites in which high field strength elements (HFSE) are sequestered by zircon, titanite and Fe-Ti oxides (ilmenite or Ti-bearing magnetite) are termed 'miaskitic' rocks Marks & Markl, 2017) . A further group of peralkaline nepheline syenites, which are characterized by complex phosphosilicates and highly sodic minerals [e.g. steenstrupine-(Ce); lomonosovite; ussingite; villiaumite; naujakasite; lovozerite] are termed 'hyperagpaitic' rocks (Khomyakov, 1995; Khomyakov & Sørensen, 2001; Andersen & Friis, 2015) . Agpaitic nepheline syenites are believed to be the extensive differentiation products of parental mafic magmas at low oxygen fugacity, with the resulting enrichment of Na, Cl, F and other volatiles in the fractionating melt/fluid inducing higher solubilities for the HFSE and eventually crystallizing typomorphic minerals such as eudialyte, lå venite and aenigmatite (Marks et al., 2011 and references therein) . In the Ilímaussaq complex, such an evolving fluid leads to pervasive autometasomatic alteration of primary eudialyte to catapleiite and zircon in kakortokites and associated pegmatites during a latemagmatic-to-hydrothermal stage (Borst et al., 2016) . These parageneses indicate transformation from a miaskitic to an agpaitic trend through a transitional agpaitic type described as a Ca-depleted trend by Marks et al. (2011) . Further evolution to hyperagpaitic types may occur if aegirine, eudialyte or sodalite do not crystallize as an ortho-magmatic assemblage during closed system fractionation of an agpaitic melt (Khomyakov, 1995; Sørensen & Larsen, 2001; Andersen & Friis, 2015) . If the fluid associated with the parent melt does not exsolve as discrete veins or pegmatites, then reactions between this fluid and the early-crystallizing phases are expected to form varied mineralogical assemblages during evolution through subsolidus deuteric/hydrothermal alteration processes, as recognized in the Pilansberg (South Africa) and Sushina Hill (India) peralkaline complexes Mitchell & Chakrabarty, 2012; Andersen et al., 2016) . In such cases, the changing alkalinity of the evolving fluid leads to overprinting of an initial miaskitic or agpaitic assemblage with multiple generations of miaskitic/transitional/agpaitic/hyperagpaitic assemblages and vice versa (Khomyakov, 1995; Markl & Baumgartner, 2002; Coulson, 2003; Sheard et al., 2012; Estrade et al., 2015; Borst et al., 2016; Mö ller & Williams-Jones, 2016) . Transitions from miaskitic to agpaitic assemblages are mainly controlled by the increasing peralkalinity of the evolving melt, or fluid, and governed by an increase in Na activity, resulting in the formation of abundant arfvedsonite and aegirine regardless of the redox conditions . Andersen et al. (2010) established that the change from miaskitic to agpaitic assemblages can be governed by changes in the activities of halogens (F and Cl) and water, without significant changes in the alkalinity for mildly agpaitic systems, as seen in the nepheline syenite pegmatites of the Oslo Rift (Norway). In India, agpaitic nepheline syenites (sensu stricto) have been reported from the Sushina Hill complex of West Bengal (Chakrabarty et al., 2011; Mitchell & Chakrabarty, 2012) . These agpaitic syenites are characterized by the presence of Mn-rich eudialyte and rinkite-(Ce), together with subsolidus alteration assemblages represented by diverse sodian-zirconosilicates (Chakrabarty et al., 2011 Mitchell & Chakrabarty, 2012; Aksenov et al., 2014) . Here we present an evolutionary model for the different lithological units of the Sushina Hill complex. We also report new occurrences of the typomorphic minerals nacareniobsite-(Ce), niobokupletskite and wö hlerite-marianoite, and discuss their role in the transition from miaskitic to agpaitic assemblages.
GEOLOGICAL SETTING
The Mesoproterozoic Sushina Hill complex (22 95 0 N, 86 61 0 E) ($480 Â 93 m 2 ) lies within Chandil Formation of the North Singhbhum Mobile Belt, along a WNW-ESE trending discontinuous shear zone known as the Northern Shear Zone or South Purulia Shear Zone (Saha, 1994) (Fig. 1a) . This 100 km shear zone is believed to be an extension of the Central Indian Shear Zone, located at the contact between the Chotanagpur Granitic Gneissic Complex in the north and the Chandil Formation in the south ( Fig. 1a and b) . Various alkaline intrusive rocks, including carbonatites, alkalipyroxenites, and nepheline syenites are found along the Northern Shear Zone (Basu, 1993; Acharyya et al., 2006; Chakrabarty et al., , 2011 Chakrabarty et al., , 2012 Chakrabarty & Sen, 2010; Mitchell & Chakrabarty, 2012) .
Occurrences of agpaitic and miaskitic nepheline syenites are restricted to the eastern part of the Northern Shear Zone at Sushina Hill within country rocks consisting of sodic-schists, phyllites and amphibolites. Two principal varieties of nepheline syenite, eudialyterinkite nepheline syenite (agpaitic) and miaskitic nepheline syenite, have been recognized at Sushina Hill ( Fig. 1c) Chakrabarty et al., 2011 Chakrabarty et al., , 2012 . However, we have determined, on the basis of the mineral assemblages present that the syenites can be further classified into three agpaitic units (I, IIA, IIB) and two syenitic units (I, II) (Fig. 1c) .
The rocks of both the Chotanagpur Granitic Gneissic Complex and the North Singhbhum Mobile Belt (Fig. 1a ) experienced multiple phases of metamorphism accompanied by distinctive deformational events from c.1Á87-0Á78 Ga (Maji et al., 2008; Rekha et al., 2011; Sanyal & Sengupta, 2012) . The earliest metamorphic event is recorded by granulite enclaves in the Chotanagpur Granitic Gneissic Complex at c.1Á87 Ga (> 900 C; c.5-8 kbar). This was followed by felsic magmatism and contemporaneous metamorphism at c.1Á66-1Á55 Ga. Note that these older metamorphic events are restricted to the Chotanagpur cratonic region and are not recorded within the rocks of the Chandil Formation, or in other parts of the North Singhbhum Mobile Belt. Alkaline magmatism (carbonatite at Beldih and nepheline syenite at Sushina Hill) was accompanied by the intrusion of a suite of anorthosites and porphyritic granitoids at c.1Á55-1Á51 Ga (Chatterjee et al., 2008; . These experienced greenschist to amphibolite facies metamorphism (c.700 6 50 C, 6Á5 6 1 kbar) between 1Á20-0Á93 Ga (Sanyal & Sengupta, 2012) . The oldest age determined from the Sushina Hill complex is c.1Á51 Ga. , which corresponds to the intrusive age of the miaskitic nepheline syenite (discussed below). This magmatic event is not related to later events of agpaitic rock formation and albitisation at c.1Á30 Ga and 0Á95-0Á87 Ga, respectively. A final phase of metamorphism (600-750 C, c.7 6 1 kbar) was related to the fragmentation of the Rodinia supercontinent, which affected the entire eastern margin of the Indian subcontinent, at approximately 0Á87-0Á78 Ga, and resulted in the formation of the Eastern Indian Tectonic Zone (Chatterjee et al., 2010) . This last metamorphic event is widespread, both within the Chotanagpur Granitic Gneissic Complex and the North Singhbhum Mobile Belt (Chatterjee & Ghose, 2011; Rekha et al., 2011) .
The detailed metamorphic history of the Sushina Hill complex in terms of its P-T evolutionary trend is yet to be investigated systematically. However, it is now well established that the agpaitic rocks of the complex exhibit sub-solidus processes during which systemderived deuteric fluids acted as an agent of metasomatism, with retention of all precursor magmatic and sub-solidus minerals as relict assemblages. These assemblages are considered not to be affected by subsequent greenschist facies metamorphism as they were formed at temperatures and pressures similar to those of the regional metamorphic conditions (Chakrabarty et al., 2016) . As there is a lack of new metamorphic assemblages, together with the presence of distinctive magmatic, sub-solidus and hydrothermal assemblages, Chakrabarty et al. (2016) emphasized usage of the term 'deformed' to describe Sushina rocks rather than metamorphosed, as the overlapping P-T relationships between sub-solidus and contemporaneous metamorphism makes recognition of the latter processes very difficult to observe in the alkaline and peralkaline rocks. The complex is considered as being deformed, but not metamorphosed, by tectonic events unconnected with the genesis and magmatic-hydrothermal evolution of the complex. Available data suggest that the Chotanagpur Granitic Gneissic complex experienced multiple phases of metamorphism and associated deformation between c.1Á20-0Á87 Ga (Chatterjee et al., 2008 (Chatterjee et al., , 2010 Maji et al., 2008; .
PETROGRAPHY OF THE SUSHINA NEPHELINE SYENITES AND SYENITES
Miaskitic nepheline syenites are relatively rare and represent only a minor part (2-3 vol. %) of the complex compared to other lithological units (Chakrabarty et al., , 2016 . The spatial relationship between the miaskitic and other lithological units (described below) is not clear (Fig. 1c) . However, field evidence indicates that this unit intruded the schistose and phyllitic country rocks surrounding the Sushina Hill complex. The emplacement age of this miaskitic syenite is 1Á51 Ga and it is considered to be the oldest intrusive unit of the complex . The primary magmatic assemblage in these rocks consists of nepheline, orthoclase and albite, accompanied by a late-stage assemblage dominated by eastonitic biotite, analcime and natrolite (Table 1) . The accessory phases include thorite, apatite, britholite-(Ce), zircon, magnetite and hingganite-(Ce) Mitchell & Chakrabarty, 2012; Chakrabarty et al., , 2016 . These rocks are characterized by granuloblastic, deformation and recrystallization textures, demonstrating the deformed character of this unit.
A large albitized zone ($227 Â 88 m 2 ), consisting of large bladed ($3 cm) albite (>80 vol. %) with variable proportions of orthoclase, muscovite, magnetite and unidentified Mn-Fe oxides, is found encircling all other lithological units of the Sushina Hill complex (Fig. 1c) . This albitized zone and agpaitic unit-I are separated by the intensely deformed agpaitic unit-II (described below; Fig. 1c ). Feldspathoids are not found in this unit; hence we consider these rocks to be syenites. The accessory phases in order of abundance in the unit are zircon, monazite-(Ce) and xenotime-(Y) ( Table 1) . The dominance of a miaskitic-like assemblage of magnetite and zircon enables us to classify this zone as syenite unit-I (S-I, Fig. 1c ). Recent U-Pb age determinations of zircon (917 6 15 Ma) and Th-Pb analyses of monazite (940 6 6-885 6 5 Ma) suggests that albitization and the miaskitic-like assemblage occurred at least >900 Ma (Christopher R.M McFarlane, pers. comm.).
The main agpaitic rock (unit A-I in Fig. 1c ), described as weakly banded/agpaitic gneiss by Mitchell & Chakrabarty (2012) and Chakrabarty et al. ( , 2016 , is massive in nature and there is no visible gneissose banding observed in these rocks. However, petrographic observations reveal the presence of small-scale (up to 2 cm) incipient gneissosity defined by the aegirinejadeite (Cpx-II) and albite in these rocks, which lead us to describe this unit as a weakly-banded agpaitic gneiss (Chakrabarty et al., 2016) . This unit (A-I) occurs in the central part of the Sushina Hill complex encircling the eudialyte zeolite syenite unit-II (S-II, Fig. 1c ) and having contact with the syenite unit-I and agpaitic unit-II at the WNW and ESE extremities, respectively. The rocks of agpaitic unit A-I are characterized by the presence of the typomorphic minerals rinkite-(Ce)-nacareniobsite-(Ce) and eudialyte (late-magmatic eudialyte), together with albite, orthoclase, nepheline, clinopyroxene (diopside and aegirine-jadeite) and arfvedsonite (Mitchell & Chakrabarty, 2012; Chakrabarty et al., 2016) . This unit is characterized by Ca-rich, REE-poor, Mn-Nb rich eudialyte and Nd-rich rinkite-(Ce) ( Table 1 ). The decomposition assemblage formed after eudialyte is represented mainly by hilairite, catapleiite/ gaidonnyaite, pectolite-serandite and cerianite-(Ce).
On the basis of the intensity of deformation and metasomatism another variety of nepheline syenite, termed agpaitic unit IIA (A-IIA, Fig. 1c ) is recognized at the periphery of agpaitic unit I. This unit is characterized by feldspar augen and nepheline, together with clinopyroxene (jadeite-aegirine), pectolite-serandite, zircon, pyrochlore, wadeite, catapleiite/gaidonnyaite and astrophyllite group minerals (Table 1) , but characteristically lacking eudialyte group minerals. In places, this unit is characterized entirely by large (>5 cm) bladed albite laths, similar to cleavelandite, indicating extensive latestage albitization. The mineral assemblage in such albitized sectors is very similar to that of agpaitic unit IIA but lacks astrophyllite group minerals. This unit, designated as agpaitic unit IIB (A-IIB, Fig. 1c) , is characterized by the replacement of pectolite-serandite by marsturite, together with pumpellyite-(Mn 2þ ), spessartine-rich garnet and magnetite (Table 1) . This highly-metasomatized unit is also cross-cut by thick ($10-15 cm) analcime and natrolite veins.
In contrast to agpaitic units I and II, another Ca poor, Sr-REE-Mn-Nb rich eudialyte (hydrothermal/post-magmatic eudialyte) and ancylite-(Ce) bearing unit, termed eudialyte zeolite syenite unit II (S-II in Fig. 1 ; Table 1 ) is typically nepheline free and dominated by albite with respect to orthoclase (Mitchell & Chakrabarty, 2012; . The agpaitic-like mineralogical assemblage of hydrothermal eudialyte, together with catapleiite/gaidonnyaite and hilairite, is a characteristic feature of these syenites. This unit exhibits layering (strongly banded syenite gneiss of Mitchell & Chakrabarty, 2012) , resulting from variations in the modal proportions of feldspars and clinopyroxene, which contrasts with the more massive eudialyte-rinkite syenite of agpaitic unit I. The mafic minerals coalesce and cluster, giving rise to an overall gneissic texture and a 'knotted' or 'mottled' appearance to the rock. Additionally, this unit is characterized by the presence of late-stage zeolite veins, represented by gonnardite. The recrystallization textures between albite, orthoclase and/or nepheline, together with the development of jadeite-rich aegirine and very late-stage analcime, is suggestive of a metamorphic/metasomatic overprint on these syenites and nepheline syenites (Chakrabarty, et al., 2016 ). An isotopic study (Rb-Sr and Sm-Nd) of the hydrothermal eudialyte indicates that this eudialyte-bearing unit (syenite unit II) is older than 1Á30 Ga (authors' unpublished data). Consequently, we infer that the emplacement age of the agpaitic unit I containing similar hydrothermal eudialytes was even older, probably in the range 1Á51-1Á30 Ga.
ANALYTICAL METHODS

Mineral compositions
Electron microprobe analyses of minerals in polished thin sections was undertaken using CAMECA SX100 and SXFive electron microprobes at the Department of Geology and Geophysics, IIT Kharagpur and Department of Geology, Banaras Hindu University (BHU), India, respectively. Selection of analytical sites was guided by back-scattered electron (BSE) images. The instruments, operated in wavelength dispersive (WD) modes were equipped with four/five WD spectrometers (SX100/SXFive) and one energy dispersive (ED) spectrometer. Analyses of most silicate analyses were carried out using a 15 kV accelerating voltage, 15 nA beam current and 10 mm beam diameter. For eudialyte, rinkite-(Ce) and Nb-REE bearing phases a beam diameter of 5 mm was used because of their small grain size. Standards used were: pure synthetic REE phosphates (REELa for La, Ce, Yb, Lu; REELb for the remaining REE); YPO 4 (YLa); UO 2 (UMb); ThO 2 (ThMa); fayalite (FeKa); wollastonite (SiKa, CaKa); olivine (MgKa); sanidine (AlKa); zircon (ZrLa); titanite (TiKa); Nb metal (NbLa); Al 2 O 3 (AlKa); rhodonite (MnKa); albite (NaKa); and BaF 2 (FKa). Special attention was given to ensure that line overlaps were properly corrected for and that background interferences were avoided. Empirically determined correction factors were applied to the following line overlaps: Th!U; Dy!Eu; Gd!Ho; La!Gd; Ce!Gd; Eu!E; Gd!Er; Sm!Tm; Dy!Lu; Ho!Lu; and Yb!Lu (Pr sek et al., 2010) . Counting times were 10-60 s on peak and half of that on each baseline, with shorter times for volatile elements. PAP matrix corrections were used (Pouchou & Pichoir, 1991) . In all analyses, the alkali elements Na and K were analysed during the first WDS cycle to minimize any element migration arising from beam damage of the sample. Analytical precision on the basis of replicate analyses of standards, suggests standard deviations less than 0Á5% for major and less than 0Á1% for minor elements.
Additionally, replicate analyses of all the major silicate phases together with pyrochlore, astrophyllitegroup minerals, eudialyte, alkali-zirconosilicates (catapleiite/gaidonnyaite) and phosphates (monazite and xenotime) were carried out at Lakehead University, Canada using backscattered electron (BSE) imagery coupled with quantitative energy dispersive X-ray spectrometry using either JEOL JSM 5900LV or Hitachi SU 70 FE 5 scanning electron microscopes equipped with LINK ISIS SEMQUANT or Oxford AZtec software, respectively. Quantitative compositional data for all minerals were acquired using these instruments as described by Mitchell & Fareeduddin (2009) or Mitchell & Smith (2017) using an accelerating voltage of 20 kV and a beam current of 0Á475 nA or 300 pA. All Nabearing minerals were analysed with a rastered beam over areas ranging from 100 to 1000 lm 2 to minimize Na volatilization.
Major and trace element analyses
Bulk-rock major and trace element analyses were undertaken using a Bruker S4 PIONEER WD-XRF coupled with an automatic sample changer at the Institute Instrumentation Center (IIC), Indian Institute of Technology (IIT) Roorkee. Powder samples weighing $6Á5 grams were mixed with 4-5 drops of polyvinyl alcohol. The mixture was then poured into collapsible aluminum cups, and pressed under a hydraulic press at $15-16 tons pressure to form 40 mm diameter pellets.
Additionally, conventional Li-tetraborate pellets were used for selected bulk-rock samples for XRF analysis at the Institute of Isotope Geochemistry and Mineral Resources, ETH Zurich. Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) analyses of same Li-tetraborate pellets were undertaken for bulk-rock trace element and REE contents. An Excimer laser (ArF 193 nm) with a gas mixture containing 5% fluorine in Ar with small amounts of He and Ne, connected to a PE SCIEX Elan 6000 ICP-MS instrument, was used for spot analyses (with a spot diameter of 40 mm). Repeated measurements of the NIST 610 standard were undertaken to assess the reproducibility of the analyses. For further details, the reader is referred to Gü nther et al. (2001) and Halter et al. (2004) .
MINERAL PARAGENESES AND COMPOSITIONS
Rinkite-(Ce)-Nacareniobsite-(Ce)
Rinkite-(Ce)-Nacareniobsite-(Ce) [Na 2 Ca 4 REETi(Si 2 O 7 ) 2 OF 3 -Na 3 Ca 3 REENb(Si 2 O 7 ) 2 OF 3 ] was first described from the Kangerlussuaq and Kvanefjeld areas of the Ilímaussaq alkaline complex, South Greenland, respectively (Lorenzen, 1884; Petersen et al., 1989; Pekov & Ekimenkova, 2001 ). These titaniumdisilicates are considered as typomorphic minerals of agpaitic systems and can be found in both silicaundersaturated and silica-saturated peralkaline rocks (Vilalva et al. 2013; Estrade et al.. 2014; Melluso et al., 2014; Sokolova & Cá mara, 2017) . Previously, Nd-rich rinkite-(Ce) had been reported from the main agpaitic unit-I, either hosted by albite or as needle shaped inclusions within late-magmatic eudialyte (Mitchell & Chakrabarty, 2012; . Rare, zoned rinkite-(Ce)-nacareniobsite-(Ce) crystals up to 0Á1 cm long, hosted by albite, are also found exclusively in the agpaitic I unit (Fig. 2) . A similar zoned rinkite-(Ce)-nacareniobsite-(Ce) was also reported from the agpaitic rocks of the Ilímaussaq complex (Rønsbo et al., 2014) . These crystals are commonly found to contain numerous inclusions of U-rich pyrochlore ( Fig. 2b-d) . The analysed rinkite is the most Nd-rich rinkite-(Ce) (5Á99-7Á89 wt % Nd 2 O 3 ; 0Á28-0Á39 apfu) yet reported from the Sushina Hill complex with Nd/Ce ratios varying between 2Á58-4Á90 ( Fig. 3 ; Table 2 and Supplementary Data Electronic Appendix 1, supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). In contrast, nacareniobsite-(Ce) is characterized by elevated contents of Ce (9Á52-13Á25 wt % Ce 2 O 3 ; 0Á48-0Á72 apfu) and is the most Ce-rich nacareniobsite-(Ce) reported in the literature ( Fig. 3 ; Table 2 and Supplementary Data). The high Ce content is reflected in exceptionally high total REE contents relative to other occurrences (Fig. 4) . A strong negative correlation between Nb 5þ $Ti 4þ þZr 4þ can be attributed to substitution involving Nb 5þ $Ti 4þ at the M(5) site of the rinkite-(Ce)-nacareniobsite-(Ce) series (Rønsbo et al., 2014) (Fig. 5 ). This substitution is very common between these disilicates and best exemplified by the different agpaitic units of the Ilímaussaq complex (Rønsbo et al., 2014) . For Sushina, this substitution yields a regression coefficient of -0Á99 with slope of exactly 1 (Fig. 5 inset) , whereas for other occurrences the regression value is -0Á97 with a slope of -0Á98 (Fig. 5) (Petersen et al., 1989; Vilalva et al., 2013) . However, our data indicate that the former substitution mechanism is dominant (regression coefficient ¼ -0Á97), as also suggested by Cá mara et al. (2011) from other occurrences.
Alkali-zirconosilicates
Alkali-zirconosilicates in the agpaitic units are represented by the eudialyte group of minerals, catapleiite/gaidonnyaite, hilairite, and the wö hlerite group of minerals. Eudialyte is the dominant typomorphic mineral present in agpaitic unit I (A-I, Fig. 1c ) and syenite II (S-II, Fig. 1c ). Two different types of eudialyte, late-magmatic (Eud-I) and hydrothermal (Eud-II) have been identified on the basis of the intensity of pink pleochroism and composition Mitchell & Chakrabarty, 2012) ( Fig. 6a and b) . Late-magmatic eudialytes are pale pink in colour and present as remnant macrocrysts associated with aegirine, set within a felsic matrix and are exclusively present in agpaitic unit I (Fig. 6a) . Compositionally, they are enriched in Ca (>12Á8 wt % CaO) and poorer in REE (0Á69-1Á20 wt % REE 2 O 3 ) compared to hydrothermal eudialyte (7Á76-9Á26 wt % CaO; 2Á09-2Á86 wt % REE 2 O 3 ; Table 3 ). The syenite II unit is characterized only by hydrothermal eudialyte. These are replaced by albite, orthoclase and clinopyroxene, resulting in a mesh-like texture (Fig. 6b) . Similar textural features involving hydrothermal eudialyte have also been reported from the Pilanesberg complex by Olivo & Williams-Jones (1999) . The Mn, Nb and Sr contents of both variants are similar and do not show any substantial variation.
The decomposition assemblage formed after eudialyte in agpaitic unit-I is represented by catapleiite/gaidonnyaite, hilairite, pectolite-serandite, cerianite-(Ce), and cerite-(Ce) (Mitchell & Chakrabarty, 2012; Chakrabarty et al., 2016) (Fig. 6c) . In contrast, the decomposition assemblage in syenite unit II is dominated by catapleiite/gaidonnyaite, hilairite and ancylite-group minerals and lacks pectolite-serandite.
Two compositional varieties of catapleiite/gaidonnyaite are found in agpaitic unit I and syenite unit II. Catapleiite/gaidonnyaite from the agpaitic I unit is Carich (up to 3Á76 wt % CaO, Table 4 ; comp. 2), compared to that (0Á48 wt % CaO) in the syenite II unit (Table 4 and Supplementary Data Electronic Appendix 1). This is in accordance with the decomposition assemblage formed after Ca-rich, late-magmatic eudialyte (agpaitic unit I) compared to Ca-poor hydrothermal eudialyte (syenite II). Hilairite is abundant in the syenite unit II, reflecting an overall increase in water activity from the agpaitic I to the syenite II unit. In general, the catapleiite/ gaidonnyaite and hilairite assemblage is common in all the agpaitic units, including agpaitic unit II. Rarely wadeite (K 2 ZrSi 3 O 9 ) is found associated with alkalizirconosilicates in agpaitic unit IIA (Table 4) . (Mariano & Roeder, 1989; Chakhmouradian et al. 2008; Biagioni et al., 2012) are found within the alteration assemblage formed after latemagmatic eudialyte in agpaitic unit I (Fig. 6d-f ). Wö hlerite is commonly found in nepheline syenites and their pegmatite derivatives (e.g. Mont Saint Hilaire, Canada; Tchivira, Angola; Oslo Rift, Norway; Los Archipelago, Guinea) (Mariano & Roeder, 1989; Chao & Gault, 1997; Chakhmouradian et al., 2008; Andersen et al., 2010; Biagioni et al., 2012) and also in carbonatites, silicocarbonatites and associated ijolite suite pyroxenites and malignites (e.g. Prairie Lake, Canada; Oka complex, Canada; Kaisersthul, Germany) (Mariano & Roeder, 1989; Keller et al., 1995) . In contrast to wö hlerite, marianoite appears to have a restricted occurrence and has only been reported from calcite carbonatites and silicocarbonatites from the Kaiserstuhl and Prairie Lake complexes (Keller et al., 1995; Chakhmouradian et al., 2008) . (b) . Note that the analysed sector-zoned rinkite-(Ce)-nacareniobsite-(Ce) crystal is characterized by very high concentration of 'Ce' and 'Nd' for nacareniobsite-(Ce) and rinkite-(Ce), respectively, relative to other reported occurrences. Data sources: Morro Redondo Complex (Vilalva et al., 2013) ; Kilombe volcano (Ridolfi et al., 2006) and Mecsek Mountains (Nagy, 2003) . This is the first reported occurrence of wö hleritemarianoite from Sushina Hill rocks and of marianoite from nepheline syenites (Table 5 ). In terms of its composition, wö hlerite from Sushina Hill is similar to other occurrences ( Fig. 7) and in particular to those found in the nepheline syenite pegmatites of the Oslo Rift (Andersen et al., 2010) , being enriched in F, Mn and Nb ( Fig. 7c-f) . The Sushina wö hlerites are the most Mn-rich wö hlerite reported to date, with MnO contents reaching up to 6Á58 wt % (0Á76 apfu, Table 5, comp. 2). In common with wö hlerite, marianoite found at Sushina Hill is characterized by high Nb and Mn contents (20Á88-22Á09 wt % Nb 2 O 5 ; 1Á29-3Á52 wt % MnO), but lower Zr contents (8Á81-9Á84 wt % ZrO 2 ) compared to other occurrences with high Nb/(NbþZr) ratios (0Á67-0Á70) ( Table 5 , Fig. 7c-f ). The wö hlerite-marianoite series found at Sushina Hill spans the range 0Á35 Nb/(NbþZr) 0Á70 and the marianoites are by far the most Nb-rich members yet found.
Wö hlerite group minerals
Astrophyllite group minerals
Astrophyllite group minerals are broadly divided into two main sub-groups on the basis of the dominance of Fe 2þ (astrophyllite; Weibye, 1848) and Mn 2þ (kupletskite; Semenov, 1956 ) on the octahedral C-sites within the trioctahedral (O) sheets in the structure (Sokolova, 2012 $Ti 4þ þZr 4þ substitution for all reported occurrences with a slope of -0Á98 and regression coefficient (r 2 ) 0Á97. Note that the analysed sector-zoned crystal of rinkite-(Ce)-nacareniobsite-(Ce) in this study (inset) exhibits a slope of -1, with a regression coefficient close to unity (0Á99), reflecting a dominant substitution mechanism involving TiþZr and Nb.
(Si 4 O 12 ) 2 O 2 (OH) 4 F] was first discovered in a nepheline syenite pegmatite from Lå ven Island, a part of the Larvik complex, Oslo Rift, Norway (Scheerer, 1854; Brøgger, 1890) . Astrophyllite group minerals are mainly alkali titano-, niobo-zirconosilicates, which usually crystallize in peralkaline nepheline syenites, associated pegmatites and their metamorphic equivalents (Mont Saint Hilaire, Canada; Strange Lake and Seal Lake, Labrador, Canada; Oslo Rift, Norway; Lovozero Massif, Kola Peninsula, Russia; see Piilonen et al., 2001 Piilonen et al., , 2003 Sokolova, 2012) . They have also been reported from alkali granites and granite pegmatites; notable examples include Mount Rosa, Pikes Peak, USA (Gross & Heinrich, 1966) ; Gjerdingen intrusion, Norway (Raade & Haug, 1982) . At Sushina Hill, astrophyllite group minerals are represented by niobokupletskite [K 2 Na(Mn, Zn, Fe) 7 (Nb, Zr, Ti) 2 Si 8 O 26 (OH) 4 (O, F)], a Nb-rich analogue of kupletskite ( Fig. 8a and b) . Niobokupletskite occurring in association with clinopyroxene, albite, pyrochlore, catapleiite, natrolite and microcline in a late-stage paragenesis was described initially from a nepheline syenite pegmatite at Mont Saint Hilaire, Canada (Piilonen et al., 2000) . Niobokupletskite at Sushina occurs in two textural modes and is restricted to agpaitic unit IIA. Most commonly, the mineral occurs as a late-stage fibrous phase in association with clinopyroxene, albite, orthoclase, analcime, sodalite and zircon ( Fig. 8a and b) . In places, tabular lath-shaped niobokupletskite crystals are intimately associated with zircon ( Fig. 8c-e) . Compositionally, some of the fibrous niobokupletskite are the most Mn-Ti rich (34Á26 wt % MnO; 6Á58 apfu and 3Á94 wt % TiO 2 ; 0Á67 apfu) niobokupletskites reported in the literature (Table 6 , comp. 1, 2; Fig. 9 ). Tabular niobokupletskites are partially altered and give low analytical totals in the range of 91Á90-94Á11 wt %, with high Zr contents (Table 6 ). Some of the tabular niobokupletskite are the most Zr rich variants known with ZrO 2 contents reaching up to 6Á41 wt % (0Á77 apfu Zr; Table 6 , comp. 11, Fig. 9 ), with relatively low MnO contents (31Á56 wt %). None of the analysed tabular niobokupletskites contains Ta 2 O 5 or FeO T (except for minor amounts in comp. 10; Table 6 ).
Pyrochlore and fersmite
The compositions of pyrochlore group minerals are extremely variable due to their structural flexibility to and its decomposition assemblage consisting of catapleiite/gaidonnyaite (C/G) and hilairite (Hil), set within an albite matrix in agpaitic unit-I. Note that hydrothermal eudialyte (H-Eud) (in shades of green) replaces late-magmatic eudialyte at the rim. (d) BSE image illustrating the mutual relationships between wö hlerite (W)-marianoite (M) relative to late-magmatic eudialyte in agpaitic unit I. Note that in the BSE image it is difficult to distinguish between catapleiite/gaidonnyaite (C/G) and wö hlerite group minerals. X-ray mapping of the area marked by the yellow box was carried out to distinguish between C/G (Zr-rich) and W/M (Nb-Zr-rich). Xray maps of late-magmatic eudialyte and its decomposition assemblage showing distribution of the elements (e) Nb and (f) Zr. C/G phases are characterized by high Zr-concentrations in these X-ray maps. In order to analyse wö hlerite group minerals, phases with high Nb-Zr concentrations are considered.
accommodate a large number of cations in the [8]-coordinated A and [6]-coordinated B sites. The general formula of the pyrochlore group of minerals can be represented as [A] (Ca, Na, U, Th, REE, Ba, Sr)
2-x (Nb, Ti, Ta, Zr, Fe) 2 O 6 (OH, F) 1-y , where cations are listed approximately in their order of decreasing importance (Hogarth, 1977; Atencio et al., 2010; Chakhmouradian et al., 2015; Mitchell, 2015) . Pyrochlore group minerals are susceptible to hydrothermal-supergene alteration and metamictization, leading to the formation of hydrated cation-and anion-deficient pyrochlores with significant A-site vacancies, together with enrichment in Si, Sr, Ba, Pb, REE and K (Lumpkin & Ewing, 1995; Chakhmouradian & Mitchell, 1998; Nasraoui & Bilal, 2000; Zurevinski & Mitchell, 2004; McCreath et al., 2013) . Pyrochlore in the Sushina agpaitic rocks is found in two parageneses. Zonation-free pyrochlores (>200 mm) are restricted to agpaitic unit IIB, and are associated with zircon, fersmite and Mn-rich biotite (Figs 10 and 11). Most of these pyrochlores contain zircon inclusions and are highly fractured ( Fig. 11a-c) . These fractures provide pathways for late-stage hydrothermal fluid migration, leading to extensive hydrothermal alteration . In addition to the zircon inclusions, discrete isolated grains of zircon are also found associated with these pyrochlores (Fig. 10b) . Such relationships indicate that pyrochlore postdates zircon in the paragenetic sequence. BSE-imagery of pyrochlore reveals a dark (low Z) core and a brighter rim (high Z) of variable thickness (Figs 11a, . In places, the two zones overlap producing a diffuse zone with intermediate Z (Fig. 11c ). There is a distinct increase in Nb, F, Sr and Na concentrations from the core to the rim with decreasing Ca content (Table 7 ; Fig. 11b , c). Most of these pyrochlores are enriched in SiO 2 (up to 10Á28 wt % 2Á78  3Á11  2Á80  3Á62  2Á75  2Á94  2Á47  3Á67  3Á22  3Á37  2Á64  1Á18  SiO 2  46Á94  46Á50  47Á44  47Á06  46Á85  46Á97  47Á57  46Á43  46Á65  46Á49  47Á34  48Á69  ZrO 2  11Á79  11Á90  12Á13  12Á11  12Á03  11Á47  11Á65  10Á55  10Á21  10Á65  13Á76  11Á53  HfO 2  0Á17  0Á16  0Á17  0Á19  0Á16  0Á15  0Á16  0Á09  0Á00  0Á08  0Á10  0Á10  TiO 2  0Á09  0Á07  0Á00  0Á12  0Á00  0Á12  0Á09  0Á16  0Á16  0Á12  0Á10  0Á55  Al 2 O 3  0Á04  0Á04  0Á00  0Á00  0Á03  0Á00  0Á03  0Á04  0Á26  0Á27  0Á39  0Á11  La 2 O 3  0Á11  0Á09  0Á16  0Á32  0Á18  0Á15  0Á06  1Á21  1Á20  1Á29  0Á86  0Á43  Ce 2 O 3  0Á34  0Á34  0Á35  0Á55  0Á23  0Á31  0Á20  1Á01  1Á15  0Á76  0Á67  0Á78  Pr 2 O 3  0Á10  0Á00  0Á11  0Á00  0Á10  0Á16  0Á17  0Á00  0Á00  0Á00  0Á00  0Á00  Nd 2 O 3  0Á08  0Á10  0Á16  0Á14  0Á11  0Á16  0Á10  0Á53  0Á52  0Á59  0Á57  0Á88  Y 2 O 3  0Á09  0Á12  0Á13  0Á09  0Á20  0Á12  0Á35  0Á00  0Á00  0Á00  0Á00  0Á00  FeO  0Á00  0Á04  0Á00  0Á00  0Á06  0Á00  0Á00  0Á22  0Á07  0Á05  0Á06 Zr  3Á08  3Á12  3Á14  3Á13  3Á15  3Á00  3Á02  2Á79  2Á70  2Á81  3Á49  2Á94  Hf  0Á03  0Á03  0Á03  0Á03  0Á02  0Á02  0Á02  0Á01  0Á00  0Á01  0Á02  0Á01  Ti  0Á03  0Á03  0Á00  0Á05  0Á00  0Á05  0Á04  0Á07  0Á06  0Á05  0Á04  0Á21  Al  0Á02  0Á03  0Á00  0Á00  0Á02  0Á00  0Á02  0Á02  0Á16  0Á17  0Á24  0Á07  La  0Á02  0Á02  0Á03  0Á06  0Á04  0Á03  0Á01  0Á24  0Á24  0Á26  0Á16  0Á08  Ce  0Á07  0Á07  0Á07  0Á11  0Á05  0Á06  0Á04  0Á20  0Á23  0Á15  0Á13  0Á15  Pr  0Á02  0Á00  0Á02  0Á00  0Á02  0Á03  0Á03  0Á00  0Á00  0Á00  0Á00  0Á00  Nd  0Á02  0Á02  0Á03  0Á03  0Á02  0Á03  0Á02  0Á10  0Á10  0Á11  0Á11  0Á17  Y  0 Á03  0Á03  0Á04  0Á03  0Á06  0Á03  0Á10  0Á00  0Á00  0Á00  0Á00  0Á00  Fe  0Á00  0Á02  0Á00  0Á00  0Á03  0Á00  0Á00  0Á10  0Á03  0Á02  0Á03  0Á04  Mn  3Á15  3Á17  3Á06  3Á55  3Á14  3Á19  2Á70  4Á06  4Á10  4Á10  3Á10  3Á40  Mg  0Á04  0Á06  0Á08  0Á07  0Á08  0Á09  0Á05  0Á03  0Á01  0Á03  0Á06  0Á03  Ca  7Á77  7Á64  7Á84  7Á42  7Á87  7Á38  7Á80  5Á12  5Á14  5Á37  4Á32  4Á94  Sr  0Á63  0Á65  0Á51  0Á64  0Á58  0Á63  0Á58  0Á61  0Á63  0Á66  0Á53  0Á41  Na  11Á59  11Á51  11Á54  10Á81  12Á06  11Á33  11Á45  11Á49  13Á31  12Á52  9Á69  13Á43  K  0 Á24  0Á29  0Á25  0Á37  0Á22  0Á33  0Á20  0Á33  0Á31  0Á33  0Á27  0Á13  Cl  0Á71  0Á70  0Á79  0Á46  0Á68  0Á58  0Á83  0Á50  0Á48  0Á56  0Á41  0Á90  F  0 Á17  0Á18  0Á15  0Á12  0Á00  0Á22  0Á00  0Á32  0Á05  0Á24  0Á57  0Á71 1-7: late-magmatic eudialyte; 8-12: hydrothermal eudialyte.
Electronic Appendix 1), a feature characteristic of hydrothermally altered pyrochlore (Nasraoui & Bilal, 2000) . Similar Si-rich pyrochlores are not uncommon and have been reported from the nepheline syenites of Narssâ rssuk, Greenland and the Mariupol Massif, Ukraine (Bonazzi et al., 2006; Duma nska-Słowik et al., 2014) .
Rarely, relict euhedral pyrochlore is found in the agpaitic unit I associated with eudialyte and its alteration assemblages and as isolated grains in agpaitic unit IIB (Fig. 12d, e) . These pyrochlores are rich in Na, Ca, but poorer in Si, compared to the hydrothermallyaltered variants (Table 7) . Zoned uranoan pyrochlore is also found in agpaitic unit I with U-Ta rich cores and 29Á46  28Á56  29Á12  30Á01  29Á66  28Á31  29Á31  28Á51  29Á27  29Á27  TiO 2  2Á30  3Á10  2Á58  2Á12  1Á35  0Á89  0Á45  0Á71  0Á59  0Á52  ZrO 2  16Á09  15Á34  15Á86  15Á41  15Á96  9Á56  9Á84  8Á81  8Á98  9Á02  HfO 2  0Á11  0Á21  0Á23  0Á17  0Á19  0Á18  0Á30  0Á17  0Á10  0Á12  Al 2 O 3  0Á16  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  MgO  0Á12  0Á15  0Á13  0Á09  0Á07  0Á08  0Á09  0Á11  0Á00  0Á00  MnO  1Á56  6Á58  2Á36  5Á51  1Á29  3Á15  3Á51  2Á92  1Á58  1Á41  CaO  27Á78  22Á89  27Á00  26Á17  27Á08  26Á91  25Á19  25Á81  25Á89  27Á25  Na 2 O  7 Á66  7Á41  7Á54  6Á69  7Á69  6Á71  7Á01  6Á99  7Á52  6Á91  La 2 O 3  0Á21  0Á27  0Á20  0Á35  0Á27  0Á31  0Á30  0Á35  0Á25  0Á35  Ce 2 O 3  0Á34  0Á59  0Á89  0Á59  0Á48  0Á95  0Á81  0Á79  0Á47  0Á57  Nd 2 O 3  0Á31  0Á39  0Á41  0Á38  0Á39  0Á54  0Á49  0Á51  0Á39  0Á49  Nb 2 O 5  10Á29  10Á12  9Á22  10Á12  11Á78  20Á88  21Á15  21Á91  21Á97  22Á09  Ta 2 O 5  0Á00  0Á00  0Á00  0Á22  0Á21  0Á00  0Á00  0Á00  0Á00  0Á00  F  4 Á81  3Á58  3Á87  3Á51  4Á82  2Á28  2Á41  2Á37  2Á35  2Á39  OF  2 Á03  1Á51  1Á63  1Á48  2Á03  0Á96  1Á01  1Á00  0Á99  1Á01  Total  99Á17  97Á68  97Á78  99Á86  99Á21  99Á79  99Á85  98Á96  98Á37  99Á38  Formulae based on 18 anions  Si  3Á88  3Á89  3Á93  3Á99  3Á91  3Á81  3Á92  3Á85  3Á94  3Á91  Ti  0Á23  0Á32  0Á26  0Á21  0Á13  0Á09  0Á05  0Á07  0Á06  0Á05  Zr  1Á03  1Á02  1Á04  1Á00  1Á03  0Á63  0Á64  0Á58  0Á59  0Á59  Hf  0Á00  0Á01  0Á01  0Á01  0Á01  0Á01  0Á01  0Á01  0Á00  0Á00  Al  0Á02  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Mg  0Á02  0Á03  0Á03  0Á02  0Á01  0Á02  0Á02  0Á02  0Á00  0Á00  Mn  0Á17  0Á76  0Á27  0Á62  0Á14  0Á36  0Á40  0Á33  0Á18  0Á16  Ca  3Á92  3Á34  3Á90  3Á72  3Á83  3Á88  3Á61  3Á74  3Á73  3Á90  Na  1Á95  1Á96  1Á97  1Á72  1Á97  1Á75  1Á82  1Á83  1Á96  1Á79  La  0Á01  0Á01  0Á01  0Á02  0Á01  0Á02  0Á01  0Á02  0Á01  0Á02  Ce  0Á02  0Á03  0Á04  0Á03  0Á02  0Á05  0Á04  0Á04  0Á02  0Á03  Nd  0Á01  0Á02  0Á02  0Á02  0Á02  0Á03  0Á02  0Á02  0Á02  0Á02  Nb  0Á61  0Á62  0Á56  0Á61  0Á70  1Á27  1Á28  1Á34  1Á34  1Á33  Ta  0Á00  0Á00  0Á00  0Á01  0Á01  0Á00  0Á00  0Á00  0Á00  0Á00  F  2 Á00  1Á54  1Á65  1Á47  2Á01  0Á97  1Á02  1Á01  1Á00  1Á01  #Nb  0Á37  0Á38  0Á35  0Á38  0Á41  0Á67  0Á67  0Á70  0Á69  0Á69 1-5: Wö hlerite, 6-10: Marianoite. #Nb ¼ [Nb/(NbþZr)]. 45Á48  45Á83  45Á61  45Á59  47Á08  46Á61  44Á56  44Á71  45Á32  45Á59  46Á12  ZrO 2  30Á70  31Á91  31Á77  31Á94  32Á10  30Á85  28Á55  29Á29  29Á02  31Á54  31Á70  HfO 2  0Á41  0Á21  0Á42  0Á40  0Á41  0Á38  0Á34  0Á24  0Á41  0Á00  0Á00  MnO  0Á75  1Á58  0Á27  0Á10  0Á00  0Á00  0Á18  0Á10  0Á48  0Á00  0Á05  CaO  1Á82  3Á76  2Á21  0Á27  0Á12  0Á15  0Á86  1Á48  1Á21  2Á21  2Á00  Na 2 O  1 1 Á14  13Á29  13Á52  14Á61  14Á28  15Á02  14Á40  13Á66  13Á84  1Á19  1Á28  K 2 O  0 Á10  0Á04  0Á06  0Á07  0Á03  0Á04  0Á10  0Á07  0Á05  19Á54  18Á82  Total*  90Á42  96Á62  92Á22  92Á99  94Á03  93Á06  88Á99  89Á53  90Á32  100Á07  99Á97  Formulae based on 9 oxygens  Si  3Á04  2Á92  2Á97  2Á99  3Á03  3Á03  3Á03  3Á02  3Á04  2Á97  3Á00  Zr  1Á00  0Á99  1Á01  1Á02  1Á01  0Á98  0Á95  0Á97  0Á95  1Á00  1Á00  Hf  0Á01  0Á00  0Á01  0Á01  0Á01  0Á01  0Á01  0Á00  0Á01  0Á00 
1-3: Ca-rich catapleiite/gaidonnyaite; 4-6: Ca-poor catapleiite/gaidonnyaite; 7-9: hilairite; 10-11: wadeite. *Low totals due to high water contents. Ca-Na rich rims (Fig. 12e) . Sporadic occurrences of fersmite associated with altered pyrochlore are found in agpaitic unit IIB ( Fig. 12a, b ; Table 8 ). In a Ca-Na-A-site vacancy ternary plot (Lumpkin & Ewing, 1995; Nasraoui & Bilal, 2000; Zurevinski & Mitchell, 2004) , all analysed pyrochlores show a wide compositional variation reflecting different degrees of alteration from the primary/ortho-magmatic stage to the hydrothermal/ post-magmatic stage (Fig. 12f ). Euhedral pyrochlores (Fig. 12d ) from agpaitic unit I plot very close to the magmatic domain, and were later subjected to hydrothermal alteration, resulting in a compositional trend very similar to the transitional or hydrothermal alteration trend of Lumpkin & Ewing (1995) and Nasraoui & Bilal (2000) (Fig. 12f) . However, a similar trend was considered as a 'primary alteration trend' by Duma nska- Słowik et al. (2014) . Compositionally, these pyrochlores are enriched in Na-Ca-Nb and poorer in Si, with the least A-site vacancy compared to the hydrothermal pyrochlores. In contrast, hydrothermal pyrochlores are more heterogeneous in composition and evolve from the magmatic/hydrothermal domain towards the supergene domain; a trend similar to the 'secondary alteration trend' of Lumpkin & Ewing (1995) (Fig. 12f) , and characteristic of more evolved parageneses. A clear distinction between the magmatic and hydrothermal pyrochlores can be observed in Na-A-site vacancy and Na-F bivariate plots (Fig. 13) . All hydrothermal pyrochlores have higher A-site vacancies compared to their magmatic counterparts (Fig. 13a) . However, the latter are somewhat more enriched in Na and F. Only one isolated crystal of zoned uranoan pyrochlore (Table 7; comp. 11-14; Fig. 12e ) was found in agpaitic unit IIA. There is an increase in Nb, Na, Ca and F content coupled with a decrease in U, Ta, Ti and A-site vacancy from core to rim in this grain (Fig. 12f) . This trend is the reverse of the 'primary' and 'secondary' alteration trends documented in the literature. U-rich pyrochlores are typically interpreted as formed from an undifferentiated magma/fluid and considered as magmatic (e.g. Oka carbonatite complex; Zurevinski & Mitchell, 2004) . Similarly, we consider that the uranoan pyrochlore formed under magmatic conditions and was later transported as an isolated grain in agpaitic unit IIB. During this process, the composition changed due to interaction with a Na-Ca-F-rich fluid. 
Ancylite
The ancylite group comprises REE-and H 2 O-bearing carbonates usually found in carbonatites and nepheline syenites. At Sushina Hill, ancylite is exclusively found in syenite unit II in association with post-magmatic eudialyte, clinopyroxene, catapleiite/gaidonnyaite and/or hilairite (Fig. 14) . It occurs in clusters of small anhedral crystals replacing post-magmatic eudialyte. The majority of the Sushina ancylite is represented by ancylite-(Ce) with lesser ancylite-(La) ( Table 9 ). These ancylites are characterized by elevated SrO >25 wt % and Ce 2 O 3 >21 wt % contents (Table 9 and Supplementary Data Electronic Appendix 1), and are the most Sr-Ce-rich ancylite reported in the literature (Figs 15 and 16a, b) . They are compositionally similar to ancylite from carbonatites (Khibina) and agpaitic pegmatites (Bearpaw and Crazy Mountains) (Figs 15 and  16a) . The ancylites are relatively rich in Nd (Fig. 16c) ; similar ancylites have also been reported from the Haast River (New Zealand) and Bear Lodge (USA) carbonatite complexes (Cooper et al., 2015; Moore et al., 2015) .
Cerite-(Ce), thorite, monazite and xenotime Monazite-(Ce) and xenotime are exclusively found in the albitized rocks (syenite unit I) surrounding the agpaitic and miaskitic units. They commonly occur as clusters of anhedral crystals intimately associated with zircon (Fig. 17a) . Rarely, large (>200 mm), discrete, subhedral monazite crystals are also found, set within the feldspar matrix (Fig. 17b) . Large anhedral xenotime crystals are associated with monazite-(Ce) and zircon (Fig. 17a) . However, the modal abundance of xenotime is relatively low compared to monazite-(Ce). Compositionally, all monazites contain >34 wt % Ce 2 O 3 and >66 wt % LREE 2 O 3 , whereas xenotime is characterized by >40 wt % Y 2 O 3 and >15 wt % HREE 2 O 3 (Table 10) .
Sporadic occurrences of cerite-(Ce), cerianite-(Ce) and thorite are found within the eudialyte alteration assemblage in agpaitic unit I (Table 11 ). These phases are intimately associated with pectolite-serandite and various alkali-zirconosilicates (Mitchell & Chakrabarty, 8Á69  9Á51  13Á86  13Á47  11Á07  12Á09  13Á43  11Á64  12Á12  12Á07  9Á48  11Á28  Ta 2 O 5  1Á95  2Á23  1Á81  1Á97  1Á49  1Á76  2Á80  0Á00  0Á00  0Á00  0Á00  0Á00  SiO 2  32Á87  33Á43  31Á68  31Á98  32Á08  31Á92  31Á36  30Á74  30Á95  30Á38  31Á10  30Á47  ZrO 2  2Á92  3Á45  3Á35  3Á38  4Á49  4Á46  3Á27  5Á68  3Á51  4Á18  6Á41  3Á68  TiO 2  3Á92  3Á22  1Á18  0Á98  1Á60  1Á56  1Á06  1Á35  1Á82  1Á73  1Á19  2Á07  Al 2 O 3  2Á59  2Á72  2Á30  2Á52  2Á01  2Á24  3Á41  1Á89  2Á20  2Á19  1Á90  2Á30  CaO  0Á69  0Á65  0Á30  0Á25  0Á00  0Á00  0Á33  0Á20  0Á20  0Á28  0Á20  0Á27  SrO  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á05  0Á05  0Á00  BaO  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á14  0Á18  0Á00  MgO  0Á76  0Á83  0Á95  0Á84  0Á98  1Á18  0Á98  0Á73  0Á78  0Á69  0Á69  0Á77  MnO  34Á26  33Á97  33Á27  33Á62  32Á51  32Á06  31Á87  31Á05  31Á66  32Á35  31Á56  31Á84  FeO  0Á81  0Á73  0Á83  0Á85  0Á55  0Á47 0Á57 0Á00 0Á00 0Á36 0Á00 0Á00 ZnO 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á50 0Á00 0Á00 0Á00 0Á00 0Á00 Formula based on 31 anions  Nb  0Á89  0Á96  1Á44  1Á40  1Á17  1Á27  1Á38  1Á29  1Á34  1Á33  1Á06  1Á25  Ta  0Á12  0Á14  0Á11  0Á12  0Á10  0Á11  0Á17  0Á00  0Á00  0Á00  0Á00  0Á00  Si  7Á46  7Á48  7Á29  7Á33  7Á53  7Á41  7Á11  7Á55  7Á54  7Á38  7Á69  7Á48  Zr  0Á32  0Á38  0Á38  0Á38  0Á51  0Á51  0Á36  0Á68  0Á42  0Á50  0Á77  0Á44  Ti  0Á67  0Á54  0Á20  0Á17  0Á28  0Á27  0Á18  0Á25  0Á33  0Á32  0Á22  0Á38  Al  0Á69  0Á72  0Á62  0Á68  0Á56  0Á61  0Á91  0Á55  0Á63  0Á63  0Á55  0Á67  Ca  0Á17  0Á16  0Á07  0Á06  0Á00  0Á00  0Á08  0Á05  0Á05  0Á07  0Á05  0Á07  Sr  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á01  0Á01  0Á00  Ba  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á01  0Á02  0Á02  Mg  0Á26  0Á28  0Á33  0Á29  0Á34  0Á41  0Á33  0Á27  0Á28  0Á25  0Á25  0Á28  Mn  6Á58  6Á44  6Á48  6Á53  6Á46  6Á31  6Á12  6Á46  6Á54  6Á66  6Á61  6Á62  Fe  0Á15  0Á14  0Á16  0Á16  0Á11  0Á09  0Á11  0Á00  0Á00  0Á07  0Á00  0Á00  Zn  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á08  0Á00  0Á00  0Á00  0Á00  0Á00  Na  1Á18  1Á20  1Á08  1Á09  1Á16  1Á16  1Á12  0Á86  0Á95  0Á98  0Á90  0Á99  K  1 Á56  1Á56  1Á74  1Á67  1Á71  1Á72  1Á61  1Á56  1Á56  1Á59  1Á52  1Á64  F  0 Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á75  0Á00  0Á00  0Á00  0Á00  0Á00  OH  4Á00  4Á00  4Á00  4Á01  4Á01  4Á00  4Á01  4Á00  4Á00  4Á00  4Á01  4Á01  P  Cations  20Á06  19Á98  19Á90  19Á88  19Á93  19Á87  19Á56  19Á52  19Á64  19Á79  19Á67  19Á80  Mn#  0Á98  0Á98  0Á98  0Á98  0Á98  0Á99  0Á98  1Á00  1Á00  0Á99  1Á00  1Á00 *Calculated from the ideal stoichiometry of OH ¼ 4.
2012; . Compositionally cerite-(Ce) contains >24 wt % Ce 2 O 3 and 15 wt % Nd 2 O 3 , with total LREE 2 O 3 between 55-63 wt %. This is the first reported occurrence from the Sushina Hill complex. A large grain of hingganite-(Ce) was found associated with zircon and pyrochlore in agpaitic unit IIB (Fig. 10b, Table 11 ). Hingganite-(Ce) was previously reported from the miaskitic nepheline syenite and found to be replacing zircon .
Mn-bearing silicate assemblage
Other than Mn-bearing Nb-Zr-silicates (eudialyte, niobokupletskite, wö hlerite and marianoite) the Sushina agpaitic rocks also contain members of the pectoliteserandite [NaCa 2 Si 3 O 8 (OH)-NaMn 2 Si 3 O 8 (OH)] solid solution series (Fig. 18) . Pectolite-serandite occurs in three distinct textural modes. Most commonly it is present as a symplectite within the decomposition assemblage formed after late-magmatic eudialyte, together with alkali-zirconosilicates, cerianite-(Ce) and cerite-(Ce) in agpaitic unit I (Fig. 18a, b) . The pectolite-serandite is characterized by intermediate Mn/Ca ratios (0Á56-1Á11; Supplementary Data Table S1 , Supplementary Data Electronic Appendix 2). Moreover, agpaitic unit I additionally contains elongated or needle-shaped pectoliteserandite crystals with Mn/Ca ratios up to 6Á34 (Fig. 18d , Supplementary Data Table S1 ). In the eudialyte-free agpaitic unit IIB, large subhedral ($100 mm) seranditepectolite crystals are present with Mn/Ca ratios of 0Á26-0Á31 (Fig. 18c, Supplementary Data Table S1 ). Non-symplectitic, subhedral pectolite-serandite similar to that of agpaitic unit I is also found in agpaitic unit IIB, where it is replaced by later-forming marsturite [NaCaMn Tables S3 and S4 ; Supplementary Data Electronic Appendix 2). Pumpellyite-(Mn 2þ ) replaces aegirinejadeite-rich pyroxene, where an aegirine-jadeite-rich core is surrounded by a thick pumpellyite-(Mn 2þ ) rim (Fig. 18e) . Thin veinlets of spessartine-rich garnet engulfing aegirine-jadeite pyroxene are also found in this unit (Fig. 18f) . Sporadic occurrences of spessartinerich garnet were reported within the late to postmagmatic assemblage from agpaitic unit I (Chakrabarty et al., 2016) . However, a gradual change in garnet composition from andradite-grossular-spessartine to almost pure spessartine has been found in the present study (Supplementary Data Table S4 , Supplementary Data Electronic Appendix 2).
Additionally, this unit also contains two compositionally different Mn-rich biotites. The most common are Fpoor, Mn-Fe-Zn-rich biotites which are usually found to overgrow manganoan arfvedsonite, as described by Chakrabarty et al. (2016) . Similar biotites are also found in the miaskitic unit. Another group of biotites are associated with pyrochlore and niobokupletskite in agpaitic unit IIA; these are exceptionally rich in F (7Á89 wt % F) and Mg, but poorer in Fe and Mn (Fig. 8b , Supplementary Data Table S5 , Supplementary Data Electronic Appendix 2).
Other minerals
The most common silicates in all the agpaitic, miaskitic and syenite units are albite and orthoclase. With the exception of the syenite units, all other agpaitic and miaskitic units contain two compositionally different varieties of nepheline Chakrabarty et al., 2016) . The least-altered crystals have average compositions of Ne 70 Ks 20 Qtz 10 , indicating a wide range of equilibration temperatures between 700-500 C (Fig. 19) . In contrast, nephelines (Ne 75 Ks 24 Qtz 1 ), which are partially altered to analcime and natrolite, approach the ideal Buerger composition (Ne 73 Qtz 27 ) (Supplementary Data Table S6 , Supplementary Data Electronic Appendix 2). However, all nepheline compositions fall within the MorozewiczBuerger convergence field of plutonic nepheline (Fig. 19) . In places, albite in contact with nepheline reacts to produce analcime and natrolite (Chakrabarty et al., 2016) . In agpaitic unit I, decomposing eudialyte releases Cl -which reacts with nepheline to form sodalite (Mitchell & Chakrabarty, 2012; Chakrabarty et al., 2016) . Sodalite is also found in the eudialyte-free agpaitic unit IIA, where it is typically associated with niobokupletskite ( Fig. 8b) , indicating the migration of a Cl-rich fluid through the sheared agpaitic units of the Sushina Hill complex.
In addition to the aluminosilicates, all the agpaitic units contain two different generations of clinopyroxene as described by Chakrabarty et al. (2016) . Primary diopsidic pyroxene is rare and restricted to agpaitic unit I (Chakrabarty et al., 2016) , whereas aegirine-jadeite rich pyroxenes (Ae 93 Jd 5 -Ae 80 Jd 18 ) are common in all the agpaitic units and syenite unit II (Supplementary  Data Table S7 , Supplementary Data Electronic Appendix 2). In contrast to the agpaitic units, syenite unit I is characterized by the presence of magnetite, muscovite-like phases, zircon and some unidentified Mn-Fe oxide phases (Fig. 20a-d) . Of all the agpaitic units, only unit IIB contains magnetite in association with pyrochlore, zircon and Mn-F-rich biotite. The composition of the magnetite varies from pure magnetite to manganoan magnetite in the miaskitic unit. In contrast, in syenite unit I magnetite is replaced by unidentified Mn-Fe-oxides ( Fig. 20e and f) . The Mn content of this phase can reach up to 35 wt % MnO. The material forms a mesh-like texture replacing primary magnetite and albite (Fig. 20e ). There is a significant enrichment of Mn-Fe bearing phases in syenite unit I compared to the miaskitic unit, indicating that the fluids responsible for albitization/metasomatism were also enriched in Mn.
BULK-ROCK GEOCHEMISTRY
Major and trace element data were obtained in order to investigate the variation in bulk-rock composition among the different lithological units of the Sushina Hill complex (Supplementary Data Tables S8 and S9 ; Supplementary is also found in close association with the pyrochlore and zircon. Note that the zircons are present in two distinct textural modes: as inclusions within the pyrochlore and hingganite-(Ce) and also as discrete isolated grains. Data Electronic Appendix 2). In terms of major element composition, maximum variation is observed for SiO 2 and Al 2 O 3 (Fig. 21a) . Agpaitic unit IIB, syenites and the miaskitic unit are characterized by elevated SiO 2 contents compared to other lithological units (Fig. 21a) . Some rocks of syenite unit I and agpaitic unit IIA are characterized by slightly elevated Al 2 O 3 contents. The Na 2 O content is almost constant for most of the rock types, whereas K 2 O and Fe 2 O 3 contents tend to converge for most of the lithological units except agpaitic unit IIB, in which Na 2 O and Fe 2 O 3 exceed the K 2 O content (Fig. 21a) . However, a systematic variation in alkalinity index (A.I.) is observed for the different lithological units. The maximum A.I. is found for agpaitic unit I and syenite II (1Á20-1Á30), with only 0Á97 and 1Á05 in agpaitic units IIA and IIB, respectively (Fig. 21a) . Some of the miaskitic units are also characterized by an A.I. similar to the agpaitic units sensu stricto (S-8: 1Á24). It must be noted that extensive sodic metasomatism can cause elevated Na 2 O contents relative to low Al 2 O 3 , resulting in the comparable A.I. of these miaskitic units to that of the agpaitic rocks. Such an increase in A.I. can be considered as a means of identifying the more albitized units compared to least-altered varieties. In our study we have given emphasis to the mineralogical assemblage rather than geochemical parameters.
In contrast to the major elements, trace element abundances show greater variability for all the lithological units of the Sushina Hill complex (Figs 21b and  22 ). All rocks are enriched in LREE relative to HREE, with maximum P REE concentrations in agpaitic unit IIA and minimal in the miaskitic unit (Fig. 22a) . The P REE concentration in all other units follows the sequence of agpaitic IIB, syenite II and agpaitic I in order of decreasing abundance (Fig. 22a) . In primitive mantle normalized incompatible element patterns ( Fig. 21b and  22b ) maximum variation is observed for all HFSE (Nb, Ta, U, Th, Zr); agpaitic unit IIA is characterized by elevated contents of HFSE compared to all other lithological units (Figs 21b and 22b) . All the lithological units of the Sushina Hill complex are essentially characterized by elevated Zr contents, with maximum Zr content in agpaitic unit IIA and least in agpaitic unit I (Fig. 22b) .
DISCUSSION
Agpaitic rocks are the products of differentiation of mafic, low degree, mantle-derived partial melts at low oxygen fugacity (fo 2 ) and water activity (a H2O ), giving rise to their unusual geochemical and mineralogical characteristics (Sørensen, 1997; Andersen et al., 2010; Marks et al., 2011; Marks & Markl, 2017 and references therein). On the basis of the field association of miaskitic and agpaitic rocks, as many as four different types (type A-D) of association have been identified by Marks & Markl (2017) . The most voluminous eudialyte-bearing rocks (agpaitic unit I and syenite II) at Sushina Hill represent the type A association. Primary miaskitic (unit I) rocks are a minor component. Earlier studies of the Sushina agpaitic rocks suggests a significant role for deuteric fluids giving rise to diverse mineral assemblages during successive stages of evolution from ortho-, to late-, to post-magmatic stages (Chakrabarty et al., 2016) . Phase equilibria studies involving nepheline, jadeite and alkali feldspars suggests an overlapping relationship between the late-to post-magmatic/ hydrothermal regime and an amphibolite facies metamorphic event that did not destroy the primary magmatic assemblages and related textural features (Chakrabarty et al., 2016). 7Á70  10Á28  10Á13  1Á78  0Á00  1Á37  0Á00  1Á37  0Á67  0Á68  0Á00  0Á00  1Á41  0Á96  TiO 2  1Á26  1Á52  1Á47  1Á47  1Á29  1Á81  1Á50  1Á30  1Á25  1Á47  2Á16  1Á85  1Á78  1Á61  ZrO 2  1Á10  1Á23  0Á56  0Á98  0Á27  0Á87  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Al 2 O 3  0Á25  1Á35  2Á43  0Á31  0Á01  0Á19  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á20  0Á00  FeO  0Á42  0Á57  0Á80  0Á02  0Á01  0Á06  0Á00  1Á26  0Á36  0Á41  0Á65  0Á46  0Á00  0Á00  MnO  0Á57  0Á37  0Á38  1Á35  0Á00  0Á57  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  CaO  9Á11  8Á00  9Á27  9Á72  10Á67  11Á18  11Á37  12Á07  12Á06  11Á65  7Á63  10Á85  9Á91  11Á52  BaO  0Á09  0Á03  0Á00  0Á01  0Á01  0Á04  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  SrO  0Á33  0Á30  0Á92  1Á85  2Á24  1Á98  1Á50  1Á75  1Á87  2Á07  1Á36  1Á89  1Á89  1Á97  Na 2 O  2 Á24  2Á61  2Á16  7Á65  7Á07  7Á65  6Á52  7Á16  6Á78  7Á42  2Á41  4Á46  4Á48  7Á28  La 2 O 3  1Á13  1Á12  1Á22  1Á18  0Á98  1Á12  1Á48  1Á35  1Á39  1Á41  0Á00  0Á00  0Á00  0Á00  Ce 2 O 3  2Á75  2Á74  2Á93  2Á30  2Á12  2Á52  3Á10  2Á38  2Á90  2Á83  0Á72  0Á76  0Á69  1Á20  Pr 2 O 3 0Á97 0Á84 0Á88 0Á97 0Á87 0Á86 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Nd 2 O 3 0Á87 0Á85 0Á64 0Á99 0Á49 0Á78 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Sm 2 O 3 0Á03 0Á12 0Á00 0Á06 0Á04 0Á13 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Gd 2 O 3 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Dy 2 O 3 0Á00 0Á00 0Á00 0Á38 0Á00 0Á12 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 UO 2 2Á57 4Á08 3Á10 2Á09 1Á81 1Á10 0Á00 0Á00 0Á00 0Á00 13Á14 9Á18 11Á67 3Á49 PbO 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 La  0Á02  0Á02  0Á02  0Á03  0Á02  0Á03  0Á04  0Á03  0Á03  0Á03  0Á00  0Á00  0Á00  0Á00  Ce  0Á05  0Á05  0Á05  0Á06  0Á05  0Á06  0Á07  0Á05  0Á07  0Á06  0Á02  0Á02  0Á02  0Á03  Pr  0Á02  0Á01  0Á02  0Á02  0Á02  0Á02  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Nd  0Á02  0Á01  0Á01  0Á02  0Á01 0Á02 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Sm 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Gd 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 Dy 0Á00 0Á00 0Á00 0Á01 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 U 0 Á03  0Á04  0Á03  0Á03  0Á03  0Á02  0Á00  0Á00  0Á00  0Á00  0Á20  0Á13  0Á17  0Á05  Mn  0Á03  0Á02  0Á02  0Á08  0Á00  0Á03  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Ca  0Á52  0Á41  0Á49  0Á69  0Á77  0Á78  0Á80  0Á78  0Á80  0Á77  0Á56  0Á74  0Á71  0Á79  Ba  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Sr  0Á01  0Á01  0Á03  0Á07  0Á09  0Á07  0Á06  0Á06  0Á07  0Á07  0Á05  0Á07  0Á07  0Á07  Pb  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á03  0Á03  0Á03  0Á02  Th  0Á01  0Á01  0Á01  0Á01  0Á00  0Á00  0Á00  0Á01  0Á01  0Á01  0Á00  0Á00  0Á00  0Á00  Na  0Á23  0Á24  0Á21  0Á98  0Á92  0Á96  0Á83  0Á83  0Á81  0Á89  0Á32  0Á55  0Á58  0Á90  P  A  0 Á94  0Á83  0Á89  1Á98  1Á92  1Á99  1Á79  1Á76  1Á80  1Á84  1Á19  1Á53  1Á58  1Á85  P  REE  0Á11  0Á10  0Á10  0Á14  0Á11  0Á13  0Á11  0Á08  0Á10  0Á10  0Á22  0Á15  0Á19  0Á08  Ti  0Á05  0Á06  0Á06  0Á07  0Á07  0Á09  0Á07  0Á06  0Á06  0Á07  0Á11  0Á09  0Á09  0Á08  Zr  0Á03  0Á03  0Á01  0Á03  0Á01  0Á03  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Al  0Á02  0Á08  0Á14  0Á02  0Á00  0Á01  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á02  0Á00  Fe  0Á02  0Á02  0Á03  0Á00  0Á00  0Á00  0Á00  0Á06  0Á02  0Á02  0Á04  0Á02  0Á00  0Á00  Nb  1Á44  1Á27  1Á19  1Á69  1Á88  1Á75  1Á82  1Á73  1Á83  1Á80  1Á71  1Á81  1Á71  1Á81  Ta  0Á04  0Á05  0Á06  0Á06  0Á05  0Á03  0Á11  0Á06  0Á05  0Á07  0Á14  0Á08  0Á09  0Á05  Si  0Á41  0Á50  0Á50  0Á12  0Á00  0Á09  0Á00  0Á08  0Á04  0Á04  0Á00  0Á00  0Á09  0Á06  P  B  2 Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  F  0 Á51  0Á27  0Á59  0Á74  0Á64  0Á63  0Á95  0Á91  0Á80  0Á81  0Á40  0Á51  0Á54  0Á66  A-h  1Á06  1Á17  1Á11  0Á02  0Á08  0Á01  0Á21  0Á24  0Á20  0Á16  0Á81  0Á47  0Á42  0Á15 Compared to other occurrences of agpaitic rocks, those at Sushina Hill are unique because of the presence of Mn-rich assemblages as represented by: Mnrich eudialyte; Mn-rich wö hlerite; Mn-rich niobokupletskite; pectolite-serandite; perraultite; marsturite; and pumpellyite (Mitchell & Chakrabarty, 2012; Chakrabarty et al., 2016) . Considering the presence of these exotic mineral assemblages, it is pertinent to discuss the role of Mn-REE-Nb-Zr-rich melts/fluids in the development of the different mineral assemblages during successive stages, and to suggest a plausible petrogenetic evolutionary model for the Sushina Hill complex.
Phase equilibria and correlations between the observed assemblages
The pure end-member composition of the alkali feldspars precludes the use of feldspar thermometry to ascertain the crystallization temperature of the different lithological units of the Sushina Hill complex. Phase equilibrium studies involving the assemblage clinopyroxene-nepheline-albite permit estimation of the pressure, temperature and silica activity of the individual agpaitic units (Marks & Markl, 2001 (1) Earlier studies of the Sushina rocks (agpaitic unit I only) suggested $3 kbar as the equilibration pressure (Chakrabarty et al., 2016) using reaction (1) in a P-T space for appropriate activity values using the THERMOCALC software of Holland & Powell (1998) . To evaluate the role of REE-Nb-Zr-and Mn-rich fluids/ melts in the formation of the mineral assemblages in the different agpaitic units, we have constructed T À a SiO2 diagrams, considering the Ab-Ne-Jd assemblage in equilibrium with various REE-Nb-Zr6Mn-bearing species such as: eudialyte-rinkite-(Ce)-nacareniobsite-(Ce)-wö hlerite-marianoite (in agpaitic unit I); pyrochlore-niobokupletskite-zircon (in agpaitic unit II); and marsturite-pumpellyite-(Mn)-garnet (in agpaitic unit IIB). The temperatures and silica activities of these assemblages are calculated from the following schematic equilibria reactions: NaAlSiO 4 ðNeÞ þ SiO 2 ðaqÞ ¼ 2NaAlSi 2 O 6 ðJdÞ (2) 
For the calculation of end-member component activities from mineral formulae, the solution models of Holland & Powell (1998) were used for the clinopyroxene. The calculated activity of jadeite (a Jd ) yields a standard deviation (r) between 6 0Á01-0Á02 and with this small r, calculated T and a SiO2 do not varying substantially. The activity of nepheline was calculated using a one site mixing model. Albite has been considered to have unit activity due its pure end-member composition (NaAlSi 3 O 8 , see Chakrabarty et al., 2016 for feldspar data). Reactions (# 2-4) are plotted in a series of activity-corrected isobaric (3 kbar for agpaitic units I and II and 1 kbar for Mn-bearing assemblages for agpaitic unit IIB, respectively) T À a SiO2 diagrams (Fig. 23) using the THERMOCALC software of Holland & Powell (1998) .
Among the different typomorphic minerals present in agpaitic unit I, rinkite-(Ce)-nacareniobsite-(Ce) are mainly found as inclusions within eudialyte and considered as the first F-REE-Nb-bearing phases to crystallize and hence predate eudialyte (Mitchell & Chakrabarty, 2012; Chakrabarty et al., 2016) . The crystallization conditions of this, and all other assemblages, were determined using the compositions of the most Jd-poor clinopyroxenes and the least-altered nepheline (similar to Ne-I of Chakrabarty et al., 2016; Supplementary Data Table S6 , comp. 4; Supplementary Data Electronic Appendix 2), with the highest amounts of excess silica, corresponding to the highest temperature as deduced by Hamilton (1961) (Fig. 19) . However, we have noticed an increase in the Jd-component in pyroxene coupled with decreasing silica component in nepheline in a trend towards the more metasomatized agpaitic units. Individual calculations were performed on the basis of the pyroxene-nepheline assemblage associated with rinkite-nacareniobsite-(Ce) and eudialyte-wö hleritemarianoite (in agpaitic unit I), niobokupletskite-zircon (in agpaitic unit IIA) and zircon-pyrochlore and various Mn-bearing assemblages (in agpaitic unit IIB).
The T À a SiO2 diagram for the rinkite-(Ce)-nacareniobsite-(Ce) assemblage (Fig. 23a) indicates a slightly higher crystallization temperature in the range of 825 -784 C, with a SiO2 between 0Á41-0Á44, compared to the estimated crystallization temperature of the early- 81Á01  74Á88  75Á12  79Á32  76Á67  77Á61  Ta 2 O 5  1Á02  2Á89  1Á26  1Á05  1Á29  1Á12  TiO 2  2Á46  1Á29  2Á15  1Á21  2Á21  1Á15  ZrO 2  0Á58  1Á02  0Á91  0Á58  0Á88  0Á99  ThO 2  0Á38  0Á00  0Á00  0Á00  0Á00  0Á00  La 2 O 3  0Á00  0Á25  1Á21  0Á85  0Á84  0Á89  Ce 2 O 3  0Á00  2Á18  2Á19  1Á29  1Á13  1Á21  Pr 2 O 3  0Á00  0Á59  0Á47  0Á31  0Á16  0Á26  Nd 2 O 3  0Á00  1Á59  1Á58  0Á97  1Á00  1Á21  Sm 2 O 3  0Á00  0Á89  0Á52  0Á41  0Á39  0Á71  Gd 2 O 3  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Dy 2 O 3  0Á00  0Á12  0Á23  0Á12  0Á10  0Á17  Y 
2Á00 2Á00 2Á00 2Á00 2Á00 Fig. 13 . Bivariate plots of (a) Na-A-site vacancy and (b) F-Na (in apfu) showing two distinct domains for magmatic and hydrothermal pyrochlore. All magmatic pyrochlores have elevated Na contents and the least A-site vacancy. In contrast, hydrothermal pyrochlores are extremely heterogeneous in composition in terms of their Na and F contents and A-site vacancy. Note the unusual compositional variation for uranpyrochlores with increasing Na and A-site vacancy trends from core to rim. magmatic assemblage by Chakrabarty et al. (2016) (T ¼ 726 C, a SiO2 ¼ 0Á:60Þ. In contrast, Mn-rich eudialyte and its alteration assemblage of pectolite-serandite þ wö hlerite-marianoite, suggests a crystallization temperature of $575 C with a SiO2 of 0Á30 (Fig. 23a) , indicating an extended crystallization interval from an earlymagmatic to a late-magmatic stage; a feature commonly seen in many agpaitic complexes (Sørensen, 1997; Marks & Markl, 2017) . This observation suggests that the crystallization of late-magmatic eudialyte must have taken place at least at T > 575 C and that sub-solidus alteration assemblages formed after eudialyte at even lower temperatures (i.e. below 575 C), in agreement with the estimated eudialyte decomposition temperature in the range 400 -348 C (Chakrabarty et al., 2016) . In general, Mn-rich eudialyte usually forms at the latemagmatic stage ; available experimental data for aqueous REE-species suggest that the LREE fluoride species are most stable at higher temperatures, whereas the ambient temperature favours HREE fluoride species (Migdisov et al., 2009 (Migdisov et al., , 2016 Migdisov & Williams-Jones, 2014) . In summary, the above successfully explains the crystallization of the F-rich typomorphic minerals rinkite-(Ce)-nacareniobsite-(Ce) at 0Á42  0Á31  0Á32  0Á01  1Á05  1Á68  7Á02  0Á14  0Á57  0Á85  0Á17  CaO  1Á72  2Á25  1Á97  1Á98  2Á25  1Á89  2Á06  1Á05  2Á35  2Á04  2Á92  FeO  0Á59  0Á06  0Á02  0Á03  0Á01  0Á02  0Á00  0Á00  0Á03  0Á04  0Á00  SrO  23Á79  24Á54  25Á19  24Á74  23Á71  23Á57  18Á71  24Á09  23Á33  22Á14  15Á69  BaO  0Á30  0Á20  0Á70  0Á50  0Á76  0Á51  0Á36  0Á40  0Á32  0Á67  0Á20  La 2 O 3  11Á69  9Á90  9Á67  10Á13  9Á41  7Á76  8Á31  8Á93  11Á97  15Á70  15Á13  Ce 2 O 3  17Á94  19Á77  19Á55  19Á20  17Á91  17Á56  18Á03  20Á32  9Á33  9Á91  14Á86  Pr 2 O 3  2Á58  2Á38  2Á52  2Á12  2Á04  2Á50  2Á42  3Á10  3Á46  3Á70  4Á10  Nd 2 O 3  8Á72  8Á45  9Á22  7Á54  9Á70  11Á07  10Á10  11Á00  14Á97  13Á28  14Á90  Sm 2 O 3  1Á79  1Á55  1Á47  1Á45  1Á38  1Á61  1Á93  0Á00  1Á43  1Á16  0Á00  Eu 2 O 3  0Á30  0Á32  0Á33  0Á37  0Á26  0Á34  0Á49  0Á00  0Á33  0Á25  0Á00  Gd 2 O 3  0Á70  0Á80  0Á49  0Á73  0Á19  0Á22  0Á36  0Á00  0Á41  0Á11  0Á00  H 2 O*  7Á25  7Á37  7Á45  7Á26  7Á16  7Á00  6Á22  6Á94  7Á13  6Á99  6Á36  CO 2 **  23Á81  23Á96  24Á16  23Á24  23Á68  23Á75  25Á81  22Á85  23Á36  23Á55  22Á20  Total  101Á60  101Á86  103Á06  99Á30  99Á51  99Á48  101Á82  98Á83  98Á99  100Á39  96Á52  Formula based on 2 cations  Si  0Á03  0Á02  0Á02  0Á00  0Á06  0Á10  0Á40  0Á01  0Á04  0Á05  0Á01  Ca  0Á11  0Á15  0Á13  0Á13  0Á15  0Á12  0Á13  0Á07  0Á16  0Á14  0Á21  Fe  0Á03  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Sr  0Á85  0Á87  0Á89  0Á90  0Á85  0Á84  0Á62  0Á90  0Á85  0Á80  0Á60  Ba  0Á01  0Á00  0Á02  0Á01  0Á02  0Á01  0Á01  0Á01  0Á01  0Á02  0Á01  La  0Á27  0Á22  0Á22  0Á24  0Á21  0Á18  0Á17  0Á21  0Á28  0Á36  0Á37  Ce  0Á40  0Á44  0Á43  0Á44  0Á41  0Á40  0Á37  0Á48  0Á21  0Á23  0Á36  Pr  0Á06  0Á05  0Á06  0Á05  0Á05  0Á06  0Á05  0Á07  0Á08  0Á08  0Á10  Nd  0Á19  0Á18  0Á20  0Á17  0Á21  0Á24  0Á20  0Á25  0Á34  0Á29  0Á35  Sm  0Á04  0Á03  0Á03  0Á03  0Á03  0Á03  0Á04  0Á00  0Á03  0Á02  0Á00  Eu  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Gd  0Á01  0Á02  0Á01  0Á02  0Á00  0Á00  0Á01  0Á00  0Á01  0Á00  0Á00  P  Cations  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00  2Á00 *H 2 O and **CO 2 calculated from the stoichiometry; 1-8: ancylite-(Ce); 9-11: ancylite-(La).
higher temperature, followed by the lower temperature assemblage of eudialyte-wö hlerite-marianoite in agpaitic unit I. The T À a SiO2 diagram involving the niobokupletskitewadeite-zircon assemblage (Fig. 23b ) in agpaitic unit IIA and pyrochlore-zircon in agpaitic unit IIB suggests a lower crystallization temperature in the range 547 -455 C with a SiO2 of 0Á27-0Á25. This temperature is close to that of the sub-solidus alteration stage which occurred in agpaitic unit I. This in turn suggests the formation of these phases during late-magmatic to hydrothermal conditions at relatively lower temperatures, compared to the typomorphic minerals of agpaitic unit I. Agpaitic unit IIB is extensively affected by late-stage metasomatism and the natrolite and analcime veins cross-cutting this unit. The Mn-bearing assemblage of marsturite, pumpellyite and pectolite-serandite within hydrothermally altered segments of agpaitic unit IIB lead us to construct a T À a SiO2 diagram at relatively lower pressure (1 kbar) (Fig. 26c) , which corresponds to the temperature range (T ¼ 347 -225 C) at which pumpellyite, natrolite and analcime are stable at a SiO2 between 0Á26-0Á24. A similar T À a SiO2 range was proposed by Chakrabarty et al. (2016) for the low temperature assemblage involving analcime and natrolite in agpaitic unit I at 3 kbar. However, we consider that the assemblage of pyrochlore-zircon in this unit was formed contemporaneous to that of agpaitic unit IIA, and the later Mn-bearing assemblage of marsturite, pumpellyite formed at lower P-T conditions.
The T À a SiO2 diagrams also indicate a wide temperature range of clinopyroxene formation during the evolution of the agpaitic units. This argues for overlapping P-T domains for the sub-solidus alteration of the nepheline syenites and the later regional-scale upper amphibolite facies metamorphism, causing enrichment of the jadeiitic component in the clinopyroxene without other significant mineralogical changes.
Application of the 'alkalinity wave principal' to the formation of transitional agpaitic rocks Khomyakov (1995) presented a model describing a sequence of miaskitic-agpaitic-hyperagpaitic assemblages formed during the evolution of an agpaitic melt and associated fluid which is known as the 'alkalinity wave principle'. This in turn is related to the changing alkalinity (pH) of the fluid/melt during successive stages of their evolution (Markl & Baumgartner, 2002) . At Sushina, the fluid responsible for eudialyte precipitation and its decomposition was a deuteric fluid and the process has been described as 'autometasomatic' (Chakrabarty et al., , 2016 Mitchell & Chakrabarty, 2012) . Initial early-magmatic assemblages of rinkite-(Ce)-nacareniobsite-(Ce,) followed by the eudialytewö hlerite-marianoite assemblage in agpaitic unit I, indicate evolution of the fluid/melt from a more F-rich (with high a HF ) to a Cl-rich (high a HCl ) dominated composition with decreasing temperature. The paucity of primary magmatic sodalite in the Sushina rocks suggests that Cl was not removed from the melt and associated fluid until eudialyte crystallization. This leads to an increase in a HCl with successive crystallization of rinkite-(Ce)-nacareniobsite-(Ce), leading to crystallization of Eud-I at a late-magmatic stage. However, the initial high a HF never reached fluorite saturation, as fluorite is not found in the Sushina rocks. Decomposition of latemagmatic eudialyte to a pectolite-serandite, wö hleritemarianoite and catapleiite assemblage can be explained by the reaction: Fig. 15 . Variation in compositions of ancylite group minerals in a CaO-SrO-LREE 2 O 3 (wt %) ternary diagram from syenite unit II compared with other reported occurrences. Note that some of the ancylite group minerals are exceptionally rich in Sr relative to all other occurrences. Data sources: Afrikanda (Zaitsev et al., 1998) ; Bearpaw Mts (Chakhmouradian & Mitchell, 1999) ; Gordon Butte (Chakhmouradian & Mitchell, 2002) ; Haast River (Cooper et al., 2015) ; Khibina (Zaitsev et al., 1998) ; Sebljavr (Mitchell, 1995) . Fig. 16 . Compositional variations in terms of (a) REE, (b) Sr and (c) Nd (in apfu) for ancylite group minerals from the Sushina Hill complex compared with other occurrences. Note that analysed ancylite group minerals (this study) are the most Ce-Sr rich ancylite-(Ce) reported in the literature. Data source as indicated in Fig. 15 .
where Mitchell & Chakrabarty, 2012) . Nepheline in immediate contact with eudialyte is converted to sodalite by reacting with the released NaCl. In addition to sodalite formation, associated K-feldspars (orthoclase) are replaced by albite, marking the onset of Na-metasomatism or albitization on a local scale (Chakrabarty et al., 2016) . The above reaction successfully explains the restricted occurrence of wö hleritemarianoite within the eudialyte alteration assemblage only in agpaitic unit I. This stage can be considered as the 'peak alkalinity stage', during which a mixed assemblage consisting of both F-and Cl-bearing species, was precipitated from the melt. Similar mixed assemblages have also been reported from Libya, Madagascar and the Langesundfjord region of Norway (Andersen et al., 2010; Lustrino et al., 2012; Marks & Markl, 2017 and references therein). The above reaction also explains an additional increase in a H2O , resulting in the formation of catapleiite/gaidonnyaite intergrown with eudialyte and pectolite -serandite. This suggests that some of these alkali-zirconosilicates were formed as a part of the eudialyte decomposition assemblage. With further increase in a H2O both catapleiite/gaidonnyaite and hilairite probably co-precipitated together with post-magmatic eudialyte, in agreement with the observations made by Mitchell & Chakrabarty (2012) . This is also in accordance with the work of Andersen et al. (2010) on the Oslo Rift (Norway) nepheline syenite pegmatites, which showed that increasing a H2O will favor catapleiite precipitation over zircon. The paucity of zircon and alkali amphibole in agpaitic unit I can be further explained by Na-consuming reactions as described by Marks et al. (2011) :
(Zrn, zircon; Arf, arfvedsonite; Eud-II, hydrothermal eudialyte; and Aeg, aegirine).
Reactions (6-7) explain the growth of hydrothermal eudialyte (Eud-II) over magmatic eudialyte and precipitation of catapleiite/gaidonnyaite rather than zircon in agpaitic unit I. This is in agreement with the observation that early-magmatic crystallization of F-rich assemblages may terminate with successive formation of mixed assemblages, eventually leading to the formation of additional eudialyte (Andersen et al., 2010; Marks & Markl, 2017) . 
1-3: monazite-(Ce); 4-6: xenotime.
Reactions (5) to (7) indicate that during the latemagmatic to sub-solidus stage in agpaitic unit I, mineral evolution was mainly controlled by the relative activities of Na 2 O and H 2 O, two of the most mobile components with decreasing temperature. We have constructed a qualitative isothermal-isobaric lNa 2 OlH 2 O diagram in the complex CaO-MnO-Na 2 O-ZrO 2 -Nb 2 O 5 -SiO 2 -H 2 O-F-Cl system to evaluate the competitive role of these two mobile components (Fig. 24a) . Following the processes outlined by Ferry & Burt (1982) the slope of the reactions can be calculated by the relation
where 'n' is the 8Á14  13Á21  13Á97  2Á32  2Á07  2Á37  0Á14  0Á49  7Á37  Ce 2 O 3  24Á19  25Á12  26Á17  75Á36  72Á54  72Á15  1Á35  1Á31  23Á25  Pr 2 O 3  4Á25  4Á93  4Á65  0Á00  1Á15  0Á11  0Á20  0Á18  2Á73  Nd 2 O 3  15Á29  15Á42  15Á65  1Á51  3Á10  2Á01  0Á00  0Á24  10Á40  Sm 2 O 3  2Á62  2Á05  2Á21  0Á69  1Á23  1Á23  0Á00  0Á02  2Á09  Eu 2 O 3  1Á61  1Á41  1Á43  0Á00  0Á00  0Á00  0Á00  0Á03  1Á11  Gd 2 O 3  0Á73  1Á00  0Á47  0Á95  0Á92  1Á04  0Á00  0Á00  1Á78  Tb 2 O 3  0Á28  0Á11  0Á03  0Á32  0Á34  0Á05  0Á00  0Á00  0Á00  Dy 2 O 3  1Á36  0Á46  0Á83  1Á51  1Á04  0Á99  0Á00  0Á00  1Á20  Ho 2 O 3  0Á06  0Á00  0Á01  0Á32  0Á31  0Á28  0Á00  0Á17  0Á00  Er 2 O 3  0Á55  0Á09  0Á21  0Á88  0Á99  1Á25  0Á00  0Á00  0Á00  Tm 2 O 3  0Á30  0Á19  0Á32  0Á41  0Á37  0Á49  0Á00  0Á02 Ce  2Á64  2Á78  2Á93  0Á83  0Á80  0Á84  0Á03  0Á03  0Á76  Pr  0Á46  0Á54  0Á52  0Á00  0Á01  0Á00  0Á00  0Á00  0Á09  Nd  1Á63  1Á67  1Á71  0Á01  0Á02  0Á01  0Á00  0Á00  0Á33  Sm  0Á27  0Á21  0Á23  0Á00  0Á01  0Á01  0Á00  0Á00  0Á06  Eu  0Á16  0Á15  0Á15  0Á00  0Á00  0Á00  0Á00  0Á00  0Á03  Gd  0Á07  0Á10  0Á05  0Á00  0Á00  0Á01  0Á00  0Á00  0Á05  Tb  0Á03  0Á01  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Dy  0Á13  0Á04  0Á08  0Á01  0Á01  0Á01  0Á00  0Á00  0Á03  Ho  0Á01  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Er  0Á05  0Á01  0Á02  0Á00  0Á00  0Á01  0Á00  0Á00  0Á00  Tm  0Á03  0Á02  0Á03  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Yb  0Á01  0Á00  0Á00  0Á00  0Á01  0Á01  0Á00  0Á00  0Á00  Lu  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Y  0 Á70  0Á36  0Á35  0Á07  0Á05  0Á00  0Á00  0Á00  0Á22  Nb  0Á01  0Á22  0Á00  0Á01  0Á01  0Á01  0Á00  0Á00  0Á00  Th  0Á07  0Á08  0Á01  0Á00  0Á00  0Á04  0Á96  0Á93  0Á03  Si  6Á92  7Á07  7Á09  0Á01  0Á02  0Á03  0Á99  0Á99  2Á00  Ti  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Al  0Á00  0Á00  0Á00  0Á00  0Á02  0Á00  0Á00  0Á00  0Á00  Sr  0Á15  0Á05  0Á15  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Mn  0Á18  0Á00  0Á12  0Á01  0Á00  0Á01  0Á01  0Á01  0Á12  Fe  0Á25  0Á28  0Á29  0Á00  0Á00  0Á00  0Á00  0Á00  0Á57  Ca  2Á33  1Á92  1Á70  0Á02  0Á01  0Á01  0Á04  0Á07  0Á06  Na  0Á00  0Á00  0Á00  0Á00  0Á02  0Á00  0Á00  0Á00 0Á00  0Á00  0Á12  0Á11  0Á06  0Á00  0Á00  0Á00  Total  17Á00  17Á00  17Á00  1Á00  1Á00  1Á00  2Á04  2Á05  6Á61 1-3: cerite-(Ce); 4-6: cerianite-(Ce); 7-8: thorite; 9: hingganite-(Ce). *Be calculated from ideal stoichiometry of (Be 2þ þ Be 3þ ¼ 2Á00 apfu). **The formulae calculation is based on Si ¼ 2apfu (Al, P, S, As below detection limits).
stoichiometric coefficient of the respective mobile components. Since the reactions above indicate a high variance equilibrium condition, the complete topology with respect to invariant points and the univariant equilibria are beyond the scope of the present study. Thus reactions (5), (6) and (7) are plotted in lNa 2 OlH 2 O space with the appropriate slopes and stability fields of the reactant or product assemblages consistent with increasing Na 2 O or H 2 O conditions. It is evident from Fig. 24a that eudialyte is stable at higher Na 2 O activities, whereas the decomposition assemblage catapleiite-pectolite-serandite, formed after late-magmatic eudialyte (Eud-I), is stable at higher H 2 O activities. With a further increase in Na 2 O activity, hydrothermal-eudialyte will form, replacing latemagmatic eudialyte, and would be stable with a wö hlerite-marianoite-pectolite-serandite-catapleiite/ gaidonnyaite assemblage that formed after latemagmatic eudialyte decomposition during sub-solidus cooling. Fig. 24a also explains formation of discrete grains of catapleiite, other than by decomposition of late-magmatic eudialyte at higher H 2 O activities.
Sporadic occurrences of pyrochlore in association with a rinkite-(Ce)-nacareniobsite-(Ce) (Fig. 3) 
Release of CaO and F -by this reaction probably contributed towards the formation of late-magmatic eudialyte and its decomposition to the wö hlerite-marianoite assemblage during the peak alkalinity stage. This also leads to an increase in a HF in the associated deuteric fluid, resulting in the precipitation of secondary/hydrothermal pyrochlore and F-rich biotite in agpaitic unit-IIB, contempraneous with hydrothermal eudialyte precipitation in agpaitic unit I. However, introduction of F into the deuteric fluid at a local scale was also facilitated by the conversion of pyrochlore to fersmite by the following reaction, as described by Chakhmouradian et al. (2015) : 
Pyrochlore and eudialyte precipitation decreases the alkalinity (decrease in both a HF and a HCl ) of the evolving fluid and zircon began precipitating in agpaitic unit IIB, resulting in overlapping assemblages, characteristic of both agpaitic and miaskitic types. This can be further complemented by the presence of wadeite and niobokupletskite in the agpaitic unit IIA. The presence of these K-bearing phases indicates an increase in the K 2 O activity at a local scale and the source of K þ could be replacement of orthoclase by albite through an alkali ion exchange mechanism via the reaction given by Moore & Liou (1979) :
The assemblage of pyrochlore þ niobokupletskite þ zircon 6 wadeite in agpaitic unit II (A and B) suggests an assemblage similar to that of transitional agpaites . Note that agpaitic unit IIB also contains magnetite and zircon, which are characteristic minerals of miaskitic assemblages. Because of the presence of diverse alkali-zirconosilicates (catapleiite/gaidonnyaite, hilairite) throughout the agpaitic-transitional agpaitic sequence, we have designated agpaitic unit IIB as 'transitional agpaitic' rather than as a 'miaskitic' unit. At high a H2O , similar eudialyte-free assemblages, consisting of alkali-zirconosilicates (catapleiite/hilairite) have been reported from the Pilanesberg complex, South Africa Andersen et al., 2016) and considered as transitional agpaitic assemblages. These alkali-zirconosilicates continued to precipitate with increasing a H2O , leading to the precipitation of catapleiite/gaidonnyaite, followed by hilairite. Considering the stability field of pectolite-serandite (359 -250 C; Karup-Møller, 1969; Dutrow et al., 2001 ) and pumpellyite, the change in the mineral assemblages from agpaitic unit I to agpaitic unit II indicates a decrease in temperature from the early-magmatic to hydrothermal stage, through an intermediate subsolidus alteration stage as suggested by Chakrabarty et al. (2016) .
The presence of Eud-II in syenite unit II indicates that the evolving deuteric fluid gained alkalinity with time. However, the absence of an alteration assemblage formed after eudialyte [pectolite-serandite þ cerianite-(Ce)] as found in agpaitic unit I, and observations such as eudialyte set within an albite matrix, suggest a very late-stage formation for this unit compared to the other Sushina Hill agpaitic units. We propose that the Cl -released during late-magmatic eudialyte (Eud-I) decomposition in agpaitic unit I was not fully consumed by sodalite precipitation. With increasing consumption of Na by sodic-metasomatism/albitization, the Cl -content of the evolving fluid increased, resulting in the precipitation of a second generation of eudialyte in agpaitic unit I and syenite unit II (through reaction 6), in a relatively less alkaline environment compared to that prevailing during the precipitation of Eud-I. This successfully explains the formation of sodalite (in agpaitic unit IIA) in eudialyte-free assemblages. We consider that the formation of syenite unit II is related to the regional-scale shearing and associated deformation which provided pathways for fluid migration at very low temperatures. Considering the absence of feldspathoids and pectolite-serandite, together with the modal abundance of albite over orthoclase, we propose that the syenite unit II can be considered as a late-stage differentiated pegmatitic unit formed contemporaneously with shearing at a sub-solidus stage at temperatures of 575 -455 C. This seems to be reasonable as the compositional layering exhibited by the felsic and mafic constituents in syenite unit II coincides with the regional WNW-ESE trend of the Northern Shear Zone. This shearing also permitted the release of Na-rich fluids which albitized the other lithological units and produced the albitite aureole.
Replacement of hydrothermal eudialyte (Eud-II) by ancylite in syenite unit II marks the onset of a neutral to oxidizing environment, as experimental data suggest that ancylite is not stable in alkaline conditions (Tarren et al., 1980; Chakhmouradian & Zaitsev, 2002) . The development of oxidizing conditions is also represented by the formation of cerianite-(Ce) in agpaitic unit I; magnetite in agpaitic unit IIB and magnetite-numerous FeMn-bearing oxides in albitized unit (syenite I).
In contrast to the agpaitic units, the miaskitic unit is characterized by the presence of zircon and magnetite, whereas syenite I contains abundant magnetite, two generations of zircon, monazite-(Ce) and xenotime. It is interesting to note that the assemblage in syenite I is similar to the miaskitic assemblage, but lacks feldspathoids. These latter assemblages indicate changes from low to high f o 2 conditions, coupled with decreasing alkalinity. Textural features, such as replacement of magnetite by Fe-Mn oxides and precipitation of anhedral to acicular zircon (probably at low temperatures, Fig. 17 ), suggest superposition of late-stage miaskitic-like assemblages on a pre-existing assemblage similar to that of the miaskitic unit.
In common with syenite unit II, we have not found any feldspathoids in syenite unit I; we consider that the precursor unit was originally syenitic in composition and was later albitised by the Na-rich fluid expelled from the agpaitic units. Syenite unit I is also cross-cut by thick quartz and magnetite veins, indicating a complete transition from reducing to oxidizing conditions, as noted for the Pilanesberg complex . Experimental studies indicate that at any given temperature, monazite solubility depends exclusively on pH. It is highly soluble in neutral to acidic conditions and its solubility decreases with increasing alkalinity (Linnen et al., 2014) . This suggests that even at high f o 2 conditions, alkalinity is maintained by a constant input of Na into the fluid which eventually caused profuse albitization of the associated lithological units. The relation between the miaskitic unit and agpaitic unit I is enigmatic. We consider that the former unit was intruded by agpaitic unit I and is a mega-xenolith.
The mineralogical assemblages are complemented by the bulk-rock geochemical data, which show maximum Nb and REE concentrations in the transitional agpaitic units (agpaitic unit II). This suggests that the solubility of Nb and REE increases with increasing alkalinity in a chlorinated aqueous fluid rather than in F-rich solutions. Consequently, at the peak alkalinity stage no REE-bearing species are found in association with eudialyte. In contrast eudialyte decomposition at the decreasing alkalinity stage promotes precipitation of REE-rich phases such as cerite-(Ce), cerianite-(Ce) and finally ancylite, monazite, and xenotime during the subsequent stages of decreasing alkalinity.
REE-mobility and complexation is controlled mainly by the availability of the REE-forming ligands, temperature and pH of the melt/fluid (Migdisov et al., 2009, 2016 and references therein; Williams-Jones et al., 2012) . According to Pearson's rule (Pearson, 1963) initial incremental alkalinity stage, REE are mainly hosted by rinkite-(Ce)-nacareniobsite-(Ce) (F-bearing minerals), followed by the peak alkalinity stage when eudialyte and pyrochlore were formed during the latemagmatic to hydrothermal stage (T ¼ 575 -455 C), at relatively lower temperatures. This observation is in accordance with the fact that REE-fluorides and chlorides are stable at relatively higher temperature, and the LREE are more mobile in aqueous chloride-bearing solutions (Migdisov et al., 2009 (Migdisov et al., , 2014 . As no other REEbearing phases were co-precipitated with eudialyte, it can be assumed that bulk of the REE remained in the melt/fluid as soluble phases. At the termination of the peak alkalinity stage, i.e. after eudialyte precipitation in syenite unit II, there was no Cl -left in the evolving fluid to carry REE, and consequently CO Table S9 , Supplementary Data Electronic Appendix 2) for the rocks of the Sushina Hill complex. Note that compared to other rock types, agpaitic unit-IIA is characterized by the highest concentrations of P REE along with U-Th-Nb-Ta-Zr. Also note that Zr concentrations for all rock types, with the exception of agpaitic unit IIA, are relatively constant. This suggests that Zr is preferentially sequestrated in phases such as eudialyte-wö hlerite-marianoite-alkali-zirconosilicates-zircon, depending on the change in alkalinity of the magma/fluid during magmatic-hydrothermal evolution. All normalizing values are from Sun & McDonough (1989) . precipitation of ancylite group minerals (REE-Sr-carbonates) in syenite unit II, replacing eudialyte. This also suggests that chloride solutions are more effective in carrying the LREE, at least at higher temperatures. During the waning stage, with further decrease in alkalinity, phosphate plays the dominant role in carrying REE and consequently monazite-(Ce) and xenotime are precipitated in syenite I at very low temperatures. This corresponds to the observed temperature of 250 -500 C, which is considered to be relevant for the hydrothermal transport and deposition of the REE (Migdisov et al., 2016) . The entire sequence of REE-mobilization and deposition reflects the change in fluid composition from Ca-F-Cl-OH-dominated to CO Probable correlation between the observed mineral assemblages and available age data
The observation that different generations of zircon are formed during successive stages of evolution of the melt/fluid can explain the wide range of U-Pb zircon ages documented for the Sushina Hill rocks. According to the oldest unit of the complex is the miaskitic nepheline syenite with an age c.1Á51 Ga; this oldest unit is probably a mega-xenolith. Thus, the agpaitic unit I which intruded the miaskitic unit definitely formed after 1Á51 Ga. Isotopic analyses of rare zircon and hydrothermal eudialyte by the U-Pb and Rb-Sr methods, respectively, from agpaitic unit I give identical ages of c.1Á30 Ga . This age corresponds to the sub-solidus alteration processes in agpaitic unit I and coincides with an initial high grade metamorphic event at c.1Á20 Ga, thus strengthening the suggestion of overlapping subsolidus and metamorphic processes proposed by Chakrabarty et al. (2016) . We believe that the melt responsible for 1Á51 Ga old miaskitic unit formation did not become alkaline and produce the 1Á30 Ga agpaitic unit I. These two units were formed at different times. The fluid expelled from agpaitic unit I was responsible for the transitional agpaitic assemblage in agpaitic unit II. A series of younger zircon ages (953-877 Ma) were reported by and from agpaitic unit II. We suggest that these are second generations of zircon formed in the transitional agpaitic units during the decreasing alkalinity stage. These data are in accordance with a zircon (U-Pb, LA-ICP-MS) age of 917 Ma and a monazite (Th-Pb, LA-ICP-MS) age of 940-885 Ma, from the albitized syenite unit-I (Christopher R.M McFarlane, pers. comm.). The hiatus of c.300 Ma (1Á30-0Á95 Ga) between the agpaitic and transitional agpaitic unit is difficult to explain with the available age data obtained from zircon and latemagmatic eudialyte. Re-setting during Grenvillian metamorphism is a possibility, with formation of a completely new generations of zircons in the transitional agpaitic (unit II) and albitized rocks (syenite unit I). However, the absence of younger zircons in the miaskitic unit and agpaitic unit I might preclude this hypothesis. Considering magmatic textural features such as porphyritic-to-hypidiomorphic textures, the retention of the eudialyte decomposition assemblage even after peak metamorphism at c.1Á20 Ga in agpaitic unit I and the presence of zircon inclusions in pyrochlore and vice-versa in agpaitic unit IIB (Fig. 10b) , we propose that multiphase metamorphism under variable P-T conditions resulted in an extended sub-solidus evolution and cooling history for the Sushina Hill rocks. Latestage shearing (post 1Á30 Ga) and resulting migration of fluid along shear fractures lead to intense albitization, giving rise to younger zircon and monazite ages in the range 940-885 Ma. Recently, similar observations were made by Sjö qvist et al. (2017) for the Norra Kä rr complex where it was found that the fenitization of the granitic country rock was caused by the expulsion of fluid during intrusion of a eudialyte-bearing agpaitic unit. However, we emphasize more detailed geochronological work has to be undertaken to correlate the geochronological data with the observed assemblages. Evidence of 'Mn-metasomatism'-a unique feature of the Sushina Hill complex Mn-bearing assemblages represented by pectolite-serandite, marsturite, pumpellyite-(Mn 2þ ) and Mn-rich garnet are unique features of the Sushina Hill complex. The T À a SiO2 diagram described above (Fig. 26c) suggests that these assemblages were formed (in agpaitic unit IIB) at relatively low temperatures (347 -225 C) during the post-magmatic or hydrothermal regime. Symplectitic pectolite-serandite formation (Mn/Ca¼ 0Á91-1Á11) within eudialyte decomposition assemblages in agpaitic unit I can be explained by reaction (5). However, formation of a second generation of pectolite-serandite in the eudialyte-free assemblages (agpaitic unit IIB) requires elevated Ca and Mn content in the fluid. Calcium can be re-introduced into the fluid at a late-stage during transformation of andraditegrossular-spessartine garnet to spessartine-almandine garnet by the reaction: 
Reactions (#11-13) can be considered as a source of Ca and Mn in the late-stage fluid which promoted the formation of non-symplectitic pectolite-serandite with variable Mn/Ca ratios in agpaitic unit IIB. Spessartine garnet can form in a metasomatic environment within a temperature range of 550 -500 C, as found in the South Mountain Batholith, Nova Scotia (Kontak & Corey, 1988) . Andradite-grossular rich garnet probably formed at relatively higher temperatures and was transformed later to spessartine-rich garnet and eventually to pumpellyite-(Mn 2þ ), during interaction with the Mn-rich fluid with decreasing temperature. The presence of magnetite in agpaitic unit IIB also suggests a relatively higher f o 2 at which these assemblages precipitated. With increasing Mn-content in the fluid, replacement of aegirine-jadeite rich pyroxene by pumpellyite-(Mn 2þ ) and pectolite-serandite by marsturite is facilitated by the reactions: 
Formation of pumpellyite from garnet and clinopyroxene and marsturite from pectolite-serandite can be explained by the above reactions, and calls for the evaluation of the mutual and competitive roles of two mobile components, MnO and H 2 O, in stabilizing these minerals. Following the same process as outlined above, we have constructed a qualitative partial isothermal-isobaric lMnO-lH 2 O diagram in the CaOMnO-FeO-Al 2 O 3 -SiO 2 -H 2 O system (Fig. 24b) . Once again due to the high variance of the inferred reactions, the complete topology of the univariant reactions around relevant invariant points could not be determined. However, the reactions were positioned in lMnO-lH 2 O space with appropriate slopes, showing the relative stability of the H 2 O-and MnO-bearing side of the reactions (12)-(15). It is evident from Fig. 24b that the steep slopes of the pumpellyite-forming reactions indicate that the garnet-and clinopyroxene-bearing assemblages were stable at relatively low H 2 O activities compared to the pumpellyite þ magnetite assemblage, thus indicating that hydration alone, irrespective of Mnrich fluid, can produce pumpellyite from garnet. Formation of pumpellyite from clinopyroxene and marsturite from pectolite-serandite requires elevated activities of MnO (Fig. 24b) in the fluid phase. Such Mn-rich fluid migrates through the weak zones of the sheared lithological units and caused precipitation of Mn-Feoxides as a replacement of pre-existing magnetite in syenite I. There are no reported occurrences of Mnmineralization in, or around, the Sushina Hill complex. This leads us to propose that the Mn-rich fluid was essentially a deuteric fluid which caused precipitation of hydrothermal eudialyte, and, with replenishment of Ca and Na at successive stages of evolution, produced these unusual Mn-assemblages. The process can be considered as 'Mn-metasomatism'. This, together with Na-metasomatism, produced the extensive albitized aureole around the agpaitic units at Sushina Hill.
CONCLUSIONS
The peralkaline rocks of the Sushina Hill complex provide a classic example of Khomyakov's (1995) 'alkalinity wave principle' in which the melt and associated fluid reflects transformation from an early miaskitic to agpaitic assemblages and returns to a miaskitic-like assemblage via an intermediate-transitional agpaitic assemblage during successive stages of evolution (Figs 25 and 26) . The Sushina Hill complex was initially composed of miaskitic nepheline syenites and syenites characterized by the presence of primary zircon and magnetite (Stage-I, Fig. 25 ; see mineral parageneses for miaskitic unit in Fig. 26 ). This was followed by the intrusion of agpaitic unit I (Stage II) and further evolution to transitional agpaitic and miaskitic units during successive stages II to VI ( Fig. 25 ; related mineral parageneses are shown in Fig. 26 ). The early-magmatic (T ¼ 825 -784 C; a SiO2 ¼ 0Á41-0Á44) assemblage of rinkite-(Ce)-nacareniobsite-(Ce) suggests that the melt was initially enriched in Ca and F (with high a HF ) and progressively became rich in Cl -and OH -(a HCl ; a H2O > a HF ) resulting in crystallization of late-magmatic eudialyte in agpaitic unit I (Stage II). With decreasing temperature (T ¼ 575 C; a SiO2 ¼ 0Á30), and further increase in a H2O , subsolidus alteration of eudialyte occurred with the formation of mixed assemblages represented by wö hlerite-marianoite þ pectoliteserandite 6 sodalite (Stage III to IV). These stages also favored precipitation of catapleiite/gaidonnyaite and hilairite rather than zircon, which are intergrown with decomposition assemblages formed after late-magmatic eudialyte. Decomposition of eudialyte increased the a(Na þ )/a(Cl -) ratio, making the fluid more alkaline and facilitating conditions favourable for crystallization of second generation eudialyte (hydrothermal eudialyte/Eud-II) replacing late-magmatic eudialyte (Eud-I) (Stages III to IV). As soon as hydrothermal eudialyte precipitated, the fluid became relatively less alkaline, leading to wadeiteniobokupletskite (agpaitic unit IIA) (Stage III) and pyrochlore-zircon (agpaitic unit IIB) (Stage IV) crystallization and giving rise to assemblages characteristic of transitional agpaitic rocks (Figs 25 and 26) . Regional scale shearing and associated deformation, contemporaneous with sub-solidus alteration of eudialyte, lead to the formation of syenite unit II which can be considered as a pegmatitic off-shoot of agpaitic unit I (Stage V). Replacement of hydrothermal eudialyte by ancylite marks the onset of neutral to oxidizing conditions. This is corroborated by the presence of magnetite in agpaitic unit IIB and replacement of magnetite in syenite unit I by diverse Mn-Fe-bearing oxides, marking an increase in fo 2 . The presence of numerous unusual Mn-bearing silicates suggests that together with Ca-Na, the fluid was also rich in Mn. This resulted in extensive Mnmetasomatism (at T ¼ 347 -225 C, a SiO2 ¼ 0Á26-0Á24), reflected by the formation of different generations of pectolite-serandite in eudialyte-free assemblages, together with marsturite, pumpellyite and spessartine-rich garnet (Stage V, Fig. 25 ; Mn-metasomatic assemblage in Fig. 26 ). The evolving fluid was also responsible for extensive albitization of the surrounding syenitic unit, resulting in replacement of the earlier primary miaskiticlike assemblage of zircon-magnetite by a later generation of zircon-magnetite-monazite-xenotime (Stage VI).
